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13  abstract 


The  purpose  of  this  report  on  the  special  form  of  hydrodynamic  propulsion  known  as  watcrjci  propulsion 
is  to  make  the  viewpoint  of  a  pump  designer  known  to  the  developers  of  watcrjei  devices.  More  specifically,  it 
is  concerned  with  the  contribution  that  the  pump  designer  can  make  in  order  to  give  the  designer  of  the  entire 
propulsion  plant  the  greatest  possible  freedom  to  find  and  use  the  most  favorable  overall  arrangement.  There  is 
no  attempt  to  cover  the  entire  field  of  waterjet  propulsion.  Moreover,  only  aspects  ol  preliminary  design  arc 
considered  because  it  is  in  this  stage  of  development  that  irreparable  mistakes  can  be  made. 

The  report  assumes  that  the  reader  is  familiar  with  the  general  characteristics  of  hydrofoil  and  captured 
air-cushion  craft  to  which  this  type  of  propulsion  mainly  applies.  Following  an  outline  of  the  principal 
problems  involved  in  the  propulsion  of  high-speed  surface  craft,  the  design  principles  of  hydrodynamic 
(centrifugal  and  axial  flow)  pumps  arc  described  and  later  applied  to  the  design  of  waterjet  propulsion 
pumps.  The  intake  and  duct  problem  is  then  described  and  designs  arc  illustrated  for  a  few  typical  overall 
arrangements.  The  report  concludes  with  an  example  of  propulsion  pump  and  duct  design  for  a 
particular  set  of  specifications.  This  example  can  serve  us  the  foundation  for  additional  preliminary  design 


studies. 
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PREFACE 


The  principal  objective  of  this  report  is  to  make  the  viewpoint  of  a  pump  designer  known  to  developers 
of  waterjet  propulsion  devices.  Therefore  no  attempt  has  been  made  to  cover  the  entire  field  of  waterjet 
propulsion  design.  Furthermore,  only  aspects  of  preliminary  design  have  been  considered  because  it  is  in 
this  stage  of  development  that  irreparable  mistakes  can  be  made. 

What  contribution  can  the  pump  design  engineer  make  to  significant  improvements  in  waterjet 
propulsion?  To  answer  this  question,  it  is  necessary  to  lay  the  foundations  for  significant  departures  from 
conventional  pump  design  and  arrangement.  The.se  foundations  are  obviously  the  principles  of  centrifugal 
pump  design  at  a  sufficiently  fundamental  level  to  permit  rational  departures  from  conventional  practices. 

For  many  years,  competently  designed  and  well-executed  centrifugal  pumps  have  approached  and  even 
exceeded  efficiencies  of  00  percent  in  a  favorable  range  of  operating  conditions  (specific  speeds).  Major 
advances  'over  such  values  can  hardly  be  expected.  However,  even  the  most  elementary  analysis  of  waterjet 
propulsion,  as  presented  here,  for  example,  in  Chapter  2,  reveals  quickly  that  the  efficiency  problem  of 
waterjet  propulsion  lies  outside  of  the  pump  proper.  It  is  primarily  related  to  duet  and  intake  losses  which 
unfavorably  influence  the  overall  hydrodynamic  operating  conditions  of  the  propulsion  plant. 

Thus  the  task  of  the  pump  designer  is  twofold:  (1)  he  must  rationally  relate  the  operating  character¬ 
istics  of  his  pump  to  the  operating  characteristics  of  the  propulsion  plant  and  (2)  he  must  find  or  choose  a 
form  or  arrangement  of  the  pump  that  minimizes  the  hydrodynamic  losses  and  weight  penalties  connected 
with  other  parts  of  the  pump  system.  In  other  words,  the  pump  designer  must  give  the  designer  of  the 
entire  propulsion  plant  the  greatest  pos.sible  freedom  to  find  and  use  the  most  favorable  overall  arrangement. 
This  requires  departures  not  only  from  common  pump  arrangements  but  also  from  the  conventional 
arrangements  of  the  driving  gas  turbine. 

It  is  perfectly  reasonable  to  look  to  the  commercial  pump  field  for  acceptable  solutions  of  the  pump 
design  pioblem  because  that  field  offers  the  most  extensive  reservoir  of  practical  pump  experience  and,  in 
many  cases,  the  highest  efficiencies.  However,  the  critical  importance  of  the  size  and  weight  of  the 
propulsion  pump  and  plant  makes  it  mandatory  to  pay  equal  attention  to  the  field  of  rocket  pumps  because 
size  and  weight  arc  at  least  as  important  there  as  in  the  propulsion  field. 

As  mentioned  before,  this  report  is  concerned  primarily  with  the  preliminary  design  of  the  propulsion 
pump  and  plant.  As  a  consequence,  relatively  little  attention  is  paid  to  final  refinements  or  to  great 
accuracy  of  the  numerical  results  obtained.  The  principal  aim  has  been  to  arrive  at  one  or  several  truly 
promising  arrangements  as  quickly  as  possible.  To  achieve  this,  one  must,  for  example,  first  select  the 
velocity  increase  ratio  of  the  propulsor  on  the  basis  of  hydrodynamic  considerations  only,  although  the  im¬ 
portance  of  weight  considerations  for  this  selection  is  well  recognized.  Weight  can  be  considered  only  after 
the  general  arrangement  has  been  chosen.  This  is  not  too  serious  if  such  weight  considerations  later  lead  to 
a  different  (higher)  velocity  increase  ratio  so  long  as  this  change  does  not  affect  the  general  arrangement 
fundamentally. 


ii 


in  view  of  the  limited  objective  of  the  report  the  reader  should  become  aware  of  other  aspects  of  the 
broader  field  of  waterjet  propulsion.  The  reader  is  referred  to  the  extensive  list  of  references  contained  in 
the  comprehensive  discussion  of  this  field  by  Brandau.*  This  makes  it  unnecessary  to  add  such  a  list  to  the 
present  report  except  for  the  three  sources  used  directly.' 

In  closing  this  preface,  the  writer  expresses  his  appreciation  for  the  assistance,  comments,  and  con¬ 
structive  criticisms  received  from  his  friends  at  the  Naval  Ship  Research  and  Development  Center  (NSRDC). 
The  writer  hopes  that  despite  its  shortcomings,  this  report  will  serve  some  useful  purpose  in  connection 
with  the  future  development  of  waterjet  propulsion  plants. 

Tucson,  Arizona,  lune  1972. 


^^arandau,  J.,  “Performance  of  Waterjet  Propulsion  Syjfems-A  Survey  of  the  State  of  the  Art,"  J.  Hydronautics  (Apr 
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Propulsion  of  Submerged  Bodies,”  J.  American  R.x  U-t  Society  pp.  1 140-1148 
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ABSTRACT 


The  purpose  of  this  report  on  the  special  form  of  hydrodynamic  propulsion  known  as 
waterjet  propulsion  is  to  make  the  viewpoint  of  a  pump  designer  known  to  the  developers 
of  waterjet  devices.  More  specifically,  it  is  concerned  with  the  contribution  that  the  pump 
designer  can  make  in  order  to  give  the  designer  of  the  entire  propulsion  plant  the  greatest 
possible  freedom  to  find  and  use  the  most  favorable  overall  arrangement.  There  is  no 
attempt  to  cover  the  entire  field  of  wateijet  propulsion.  Moreover,  only  aspects  of  pre¬ 
liminary  design  are  considered  because  it  is  in  this  stage  of  development  that  irreparable 
mistakes  cun  be  made. 

The  report  assumes  that  the  reader  is  familiar  with  the  general  characteristics  of 
hydrofoil  and  captured  air-cushion  craft  to  which  this  type  of  propulsion  mainly  applies. 

Following  an  outline  of  the  principal  problems  involved  in  the  propulsion  of  high-speed 
surface  craft,  the  design  principles  of  hydrodynamic  (centrifugal  and  axial-flow)  pumps 
are  described  and  later  applied  to  the  design  of  waterjet  propulsion  pumps.  The  intake 
and  duct  problem  is  then  described  and  designs  are  illustrated  for  a  few  typical  overall 
arrangements.  The  report  concludes  with  an  example  of  propulsion  pump  and  duct 
design  for  a  particular  set  of  specifications.  This  example  can  serve  as  the  foundation  for 
additional  preliminary  design  studies. 
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CHAPTER  1.  INTRODUCTION 


This  report  deals  with  a  special  form  of  hydrodynamic  propulsion  culled  waterjet  propulsion. 

All  forms  of  hydrodynamic  propulsion  generate  the  propelling  force,  or  thrust  T.  by  discharging  a 
stream  of  water  from  the  “propulsor”  at  a  higher  velocity  than  the  velocity  of  the  stream  entering  the 
propulsor.  In  the  simplest  case,  this  velocity  of  the  entering  stream,  K,),  is  oppositely  equal  to  the  forward 
velocity  of  the  propelled  craft.  The  propelling  force  so  generated  is  obviously: 

T^pQ  {V^  Vq)  (I. I) 

where  Q  is  the  rate  of  volume  flow  passing  througir  the  propulsor  and  p  is  the  muss  |H'r  unit  of  volume  of 
the  fluid.  t 

The  most  widely  used  form  of  hydrodynamic  propulsor  is,  of  course,  the  standard  marine  propeller.  If 
well  designed  and  operated  under  favorable  conditions,  it  represents  the  most  efficient  form  of  hydrodynamic 
propulsor.  Therefore  the  use  of  other  types  of  propulsors  must  be  justified. 

The  original  reason  for  considering  departures  from  the  standard  propeller  was  the  limitation  imposed 
on  propeller  speed  by  cavitation.  Since  the  propeller  blades  advance  through  the  water  along  helical  paths, 
the  resultant  blade  velocity  reltative  to  the  water  is  necessarily  higher  than  the  forward  velocity  of  the 
propeller  and  of  the  propelled  vehicle,  If  the  same  hydrodynamic  qualities  are  assumed  for  the  propelled 
vehicle  and  for  the  propeller  blades,  the  propeller  blades  will  cavitate  at  a  lower  forwani  velocity  than  the 
propelled  vehicle. 

This  cavitation  problem  of  open  propellers  was  solved  by  ducting  the  flow  toward  the  propelling  rotor, 
leading  to  what  is  now  known  as  the  "pumplet.'*  The  pumpjet  has  fulfilled  expectations  and  has  essentially 
solved  the  propulsor  cavitation  problem  in  this  field.  It  is  shown  in  Figure  I  us  applied  to  a  submerged  body 
of  revolution  (a  torpedo).  The  flow  approaching  the  rotor  is  retarded  in  u  diffusor;  this  not  only  reduces 
die  velocity  of  the  approaching  flow  but  also  Increases  Its  static  pressure  according  to  the  Bernoulli  equation. 
This  principle  was  successfully  app.iied  and  may  be  considered  as  firmly  established.  It  permits  propulsion  by 
means  of  rotating  propulsors  which  will  not  cavitate  before  the  propelled  body  itself  is  subject  to  cavitation. 

A  second  reason  for  departing  from  the  propeller  in  the  open  stream  is  illustrated  by  some  recently 
developed  water  surface  craft  such  as  hydrofoil  or  captured  air>cusliiun  cruft.  In  both  cases  the  capabihty  of 
very  high  speeds  is  achieved  by  minimizing  the  surface  area  of  the  craft  below  the  free  water  surface.  For 
hydrodynamic  propulsion,  the  minimum  of  such  an  area  is  that  connected  with  the  water  intake  to  the 
propulsion  unit.  The  propulsor  and  its  driver  may  be  located  above  the  free  water  level,  thus  eliminating 
hydrodynamic  drag  on  the  exterior  surface  of  the  propulsion  plant.  This  type  of  hydrodynamic  jet 
propulsion  is  called  waterjet  propulsion  and  is  shown  diagntiiiinatically  in  Figure  2  in  connection  with  a 
hydrofoil  craft.  To  minimize  the  surface-picicing  parts  which  generate  considerable  wave  drag,  the  interiors 
of  the  hydrofoil  support  struts  arc  used  for  the  passage  of  water  from  the  submerged  intake  to  the  propulsion 
pump.  With  captured  air-cushion  craft,  the  side  skirts  of  the  cushion  would  be  used  fur  this  purpose. 
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I'lnurc  I  Piimpiot  on  the  AH  I'lut  of  a  Suhnterijei)  Itoiiy  of  Kovolutlon 


rijtiirc  2  Wali’ijcl  Propulsion  Unit 


liven  11  the  ttriig  |>ciitilty  of  an  cnlarKoU.  snbmortttfd  nacelle  carrying  a  (suporcavltating  or  ventilated) 
propeller  or  a  puinpjet  In  accepted,  there  are  till)  prohlemi  related  to  the  iii/.e  and  -even  more  particularly 
to  the  n'Uuhtllry  of  a  iiubmergod,  inochaiticul  angle  drive.  This  problem  of  reliability  may  well  have  been 
the  decisive  I'actor  In  the  selection  ol' Mhovo-surracc  propulsors  for  liydrolbll  and  caiduicd  aIr'CU.ihlon  craft. 

Waterjet  pr\)polslon  units  (Tlgure  2)  share  with  the  pumpjet  (Figure  I)  the  possibility  of  retarding  the 
incoming  propulsion  stream  before  It  reaches  the  propulsion  pump.  In  fact,  with  the  propulsion  pump  above 
the  free  water  surface,  such  retardation  Is  u  practical  necessity  In  order  to  piovide  the  pump  with  the 
required  Inlet  pressure.  Thus  In  contrast  to  u  convenlltmal  propeller  In  an  u|>en  stream,  both  pumpjet  and 
waierjet  prrrpuMotr  tlevlcos  make  the  rotating  propulsor  somewhat  Independent  of  the  design  s|Med  of  travel. 
Obviously  there  Is  the  additional  necessity  of  ducting  the  propulsion  streanr  if  the  propulsor  Is  located  above 
the  fioo  water  .surface. 

Generally  an  attempt  Is  mode  to  minimise  the  elevation  uf<f  waterjei  propulsion  unit  above  the  free 
water  surface,  Since  it  does  not  contiibute  to  propulsion,  the  eljvatlon  of  the  pro|>elling  Jet  above  the 
water  surface  constitutes  an  energy  loss.  The  pump  Inlet  elcvatlijn  A/i,  reduces  the  pump  inlet  pres.Hure  ond 
is  therefore  harmful  with  respect  to  pump  cavitation.  Nevertheless,  practical  considerations  of  sea  state 
usually  lead  to  greater  elevations  Ah  -  and  Alij  in  comparison  with  the  sliro  of  the  propulsor  than  shown  In 
Figure  2. 

The  present  report  is  primarily  intended  tt»  describe  the  deslg?\  of  waterjet  propulsion  pumps.  It 
assumes  that  the  reader  U  rumlllar  with  the  general  characteristics  of  hydrofoil  and  captured  uir-cushion 
craft  to  which  this  type  of  propidsion  principally  applies. 

Chupicr  2  outlines  the  principal  prohkms  connected  with  the  proptilslon  of  “h|g))>specd'  water  sur¬ 
face  cruft.  I.C.,  surface  cruft  ihul  oiwrute  ut  substantially  higher  f''n>Uih'  numbvrs  than  do  conventional  sur¬ 
face  ships, 

(  hupter  3  briclly  describes  the  de,slgn  principles  of  hydr«)dynamic  (centrifugal  and  uxial-flow)  pumps  li 
general  und  then  applies  these  principles  to  the  design  of  waterjet  propulsion  pumps. 

Chapter  4  outlines  the  intake  und  duct  problem  of  propulsion  pumps  und  describes  the  inlet  and  dis- 
charge  duct  ilesign  for  u  few  typical  overall  urrongements. 

Cluiptcr  5  presents  an  exumpio  of  propulsion  pump  and  duct  design. 
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CHAPTER  2.  GENERAL  PROBLEMS  OF  WATERJET  PROPULSION 


2,1  PROPULSOR  OPERATING  CONDITIONS  AS 
FUNCTIONS  OF  THE  SPEED  OF  TRAVEL 

The  pitndpal  operating  conditions  of  the  rotstlng  propulsor  are  the  speed  of  rotation  n,  tiie  thrust  force 
developed  by  the  propulsor  T,  the  rate  of  volume  (low  through  the  propulsor  Q,  and  the  lotal  inlet  head  to 
the  propulsion  pump  above  the  vapor  pressure  of  the  water 

The  simplest  relation  between  these  o)Mratlng  conditions  and  the  speed  of  travel  would  exist  if  (I)  all 
velocities  In  the  propulsor  could  be  changed  proportionally  to  the  speed  of  travel  and  (2)  all  liead  values  and 
all  forces  would  change  propuriiunally  to  the  square  of  the  screed  of  travel.  These  conditions  are  called  the 
conditions  of  similarity  of  How. 

In  the  absence  of  cavitation  and  at  the  high  Reynolds  numbers  of  fulkcalc  operation,  the  drag  and 
therefore  the  nquimi  propulsor  thrust  of  a  completely  submerged  body  changes  closely  with  the  square  of 
the  speed  of  travel,  and  thus  one  part  of  the  conditions  of  similarity  of  flow  is  satisfied.  Under  similar 
flow  ionditions,  the  speed  of  rotation  u  and  the  rate  of  volume  flow  Q  of  the  propulsion  pump  would 
change  proportionally  to  the  s|>eed  of  travel. 

Mowever,  the  inlet  head  (above  vapor  prejisurc)  of  the  propulsion  pump  is: 


-  /I,  -  /I,  +  /f  Ml  -  A) 


where 

K 

h 

^  c 
A 

^0 


is  the  atmospheric  pressure  in  feet  of  sea  water, 
is  the  vapor  pressure  in  the  same  units, 
is  the  depth  of  immersion  in  feet, 
is  the  velocity  of  travel, 
is  a  head-loss  cueftlcicnt,  and 
=  32.2  ft/sec^ 


(2.1) 


It  is  seen  that  only  tlic  last  term  changes  with  the  speed  of  travel  squared,  whereas  all  other  terms  are  inde¬ 
pendent  of  f'g.  Thus  does  not  satisfy  the  conditions  of  similarity.  This  departure  from  the  similarity 
relation  applies,  of  coifie,  not  only  to  submerged  bodies  but  to  all  waterborne  vehicles  because  Equation  (2.1) 
is  quite  general,  except  that  the  depth  of  immersion  h  may  be  negative  if  the  inlet  to  the  propulsion  pump 
is  above  the  water  surface  as  shown  in  Figure  2,  where  A  =  -  Ah^ . 

it  is  well  known  that  the  drag  of  surface  vessels  generally  does  not  increase  with  the  square  of  the 
speed  of  travel  but  follows  a  different  and  usually  quite  complicated  law.  Thus  surface  vessels  do  not  follow 
the  simple  condition  of  similarity  which  apply  to  the  propulsor,  i.e.,  the  hydrodynamic  propulsor  of  a  sur¬ 
face  vessel  does  not  operate  under  similar  flow  conditions  at  different  speeds  of  travel.  This  departure  of  the 
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drag  from  the  conditions  of  similarity  of  flow  is  particularly  pronounced  for  surface  vehicle'!  to  which 
waterjet  propulsion  primarily  applies  (hydrofoil  and  captured  air-cushion  craft).  Figure  3  shows  a  typical 
curve  for  drag  versus  speed  of  travel  for  this  type  of  vehicle.  The  “hump”  in  this  drag  curve  is  related  to 
the  change  in  the  mode  of  travel  from  that  of  a  displacement  craft  to  the  intended  form  of  operation  on 
the  foils  or  on  the  air  cushion  in  a  “planing”  fashion.  The  “hump  drag”  may  well  be  higlii  i  than  the  full- 
speed  drag,  thus  constituting  a  very  dramatic  departure  from  the  similarity  relation.  At  hump  speed,  the 
required  speed  of  rotation  of  the  propulsor  may  have  to  be  as  high  or  higher  than  at  full  speed  of  travel. 

This  may  constitute  a  severe  cavitation  problem  since  according  to  Equation  (2.1),  the  pump  inlet  head 
is  sub.stantially  lower  at  the  (lower)  hump  .speed  than  at  full  speed. 

Another  result  of  the  departure  from  similarity  represented  by  the  “hump”  is  concerned  with  the  sub¬ 
merged  intake  opening  to  the  propulsor  inlet  duct  (see  Figure  2).  To  obtain  a  good  so-called  “ram 
efficiency,”  i.e.,  a  good  recovery  of  the  kinetic  energy  of  the  incoming  stream  it  is  essential  that 

the  intake  area  (/I  | )  be  carefully  related  to  the  intake  approach  velocity  and  the  rate  of  volume  flow  Q 
according  to  the  condition  of  continuity: 

Q  =  a^A^  (2.2) 

where  the  correction  factor  Cj  cannot  vary  between  very  wide  limits.  However  at  the  “hump”  Fq 
is  usually  less  than  one-half  of  its  value  at  full  speed  whereas  Q  must  have  about  the  same  value  at  both 
speed  conditions  in  order  to  overcome  the  high  hump  drag.  This  means  that  the  intake  area  A  j  has  to  be 
adjustable  since  it  must  be  greater  at  hump  conditions  than  at  full  speed  of  travel.  A  variable  intake 
naturally  poses  a  considerable  problem  of  mechanical  reliability  since  the  hydrodynamic  quality  of  the  intake 
is  of  vital  importance  and  must  not  be  compromised. 

Figure  3  also  shows  two  parabolas,  i.e.,  curves  of  constant  drag  coefficients;  one  runs  througli  the 
high-speed  part  of  the  drag  curve  and  the  other  touches  the  low-speed  part  of  the  curve.  .Any  parabola  of 
this  type  is  associated  with  a  set  of  similar  flow  conditions  in  the  propulsion  pump.  (There  is  no  general 
reason  why  the  lower  parabola  should  either  contact  or  intersect  the  drag  curve  at  the  high-speed  point.) 

For  the  same  speed  of  travel,  the  drag  indicated  by  these  two  parabolas  differs  by  a  multiple  of  about 
six.  This  is  mainly  a  qualitative  statement,  but  it  does  indicate  the  general  magnitude  of  this  departure  from 
the  similarity  relations. 

It  will  be  shown  in  Chapter  3  that  the  hump  condition,  or  any  other  low-speed-of-travel  condition 
that  falls  substantially  above  the  parabola  irough  the  full-speed-condition,  will  determine  the  cavitation 
characteristics  of  the  propulsion  pump.  The  maximum  speed  of  rotation  and  maximum  power  are  often 
specified  for  a  speed  of  travel  substantially  below  that  at  the  hump  so  that  a  high  vehicle  acceleration  is 
available  at  conditions  near  zero  speed  of  travel  (an  obvious  military  requirement).  Chapter  3  will  show  that 
this  specification  cannot  be  met  without  sacrifices  in  the  quality  of  hydrodynamic  design  and  performance. 
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DRAG 


Figure  3  ~  Typical  Drag-Speed  Relation 
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2.2  THE  EFFICIENCY  OF  HYDRODYNAMIC 
PROPULSION 

If  the  inlet  velocity  Vq  to  a  hydrodynamic  propulsor  is  oppositely  equal  to  the  speed  of  travel,  then 
according  to  Equation  (1.1),  the  discharge  or  jet  velocity  V.  must  necessarily  be  higher  than  the  speed  of 
travel,  i.e.,  a  stream  of  the  velocity  AV  =  V.  —  is  left  in  the  (ideally)  stationary  body  of  fluid  behind 
the  moving  craft.  Thus  an  energy  loss  per  unit  of  time  (i.e.,  a  loss  in  power)  pQ  AV^I2  is  necessarily 
associated  with  hydrodynamic  propulsion. 

The  useful  work  per  unit  of  time  (power)  is  obviously: 

T  ‘  Vq  =  pQ  AV  ‘  (1.1a) 

and  the  so-called  “ideal  jet  efficiency”  which  expresses  the  loss  in  kinetic  energy  left  behind  the  craft  is: 


PQAV  •  f'o 

pQAV‘  Vq+  pQ  AV^n 


1 


AV 


(2.3) 


It  is  of  interest  to  observe  that  the  same  expression  is  obtained  by  dividing  the  useful  work  by  the  in¬ 
crease  in  kinetic  energy  from  inlet  to  discharge: 


pQAV  'Vq  AV  - 

pQ[(y^  +  AV)^  -  v^^]l2  A F  •  Fq  +  A f2/2 


(2.3a) 


when  divided  by  A  F  •  Fq  ,  this  reduces  to  exactly  the  same  expression  as  Equation  (2.3). 

Division  by  just  the  increase  in  kinetic  energy  of  the  propulsion  stream  obviously  implies  that  the  sum 
of  the  remaining  terms  in  the  Bernoulli  equation  (plpg^^  +  z,  where  z  =  —  h  as  defined  before)  has  the  same 
value  at  inlet  as  at  discharge.  This  is  true  for  any  submergence  h  below  the  free  water  surface,  so 
Equation  (2.3)  is  valid  even  if  inlet  and  discharge  have  different  depths  of  submergence.  It  is  not  true  if  the 
jet  has  an  elevation  Ah^  above  the  free  water  surface  (sec  Figure  2).  In  this  case: 


AF  • 


AF* 

AF  -  F„+  —  +goA/;^ 


(2.4) 


1  + 


AF 

IfT 


^0 

AF  •  F, 


0 


which  Is  obviously  lower  than  the  efficiency  expressed  by  Equation  (2.3)  since  it  takes  into  account  the  work 
lost  by  lifting  the  propulsion  stream  to  the  elevation  Ahj  above  the  free  water  surface.  Other  considerations 
of  the  efficiency  of  propulsion  will  first  be  made  without  taking  this  increase  in  elevation  into  account,  i.e., 
by  ignoring  Equation  (2.4).  Equation  (2.4)  will  be  considered  later  in  combination  with  other  relations  to  be 
derived. 

Equation  (2.3)  indicates  that  the  ideal  jet  efficiency  will  increase  with  diminishing  ratio  of  velocity 
increase  AV/V^  and  will  approach  unity  as  A  ^IVq  approaches  zero.  According  to  the  principle  of  hydro- 
dynamic  propulsion  expressed  by  Equation  (1.1),  diminishing  AV/V^  =  (Vj  -  VqVVq  means  an  increasing 
rate  of  flow  Q  and  a  decreasing  jet  head  of  the  propulsion  pump  H.  which,  in  agreement  with  the  second 
derivation  of  Equation  (2.3),  is: 


EqAK 

//.=  |(K„  + AK)2-  - 

^0 


(2.5) 


Obviously,  the  greater  the  mass  flow,  the  less  this  mass  must  be  accelerated  to  produce  a  certain 
propulsive  force  T,  or  the  lower  the  energy  that  will  be  required  per  unit  mass  or  per  unit  weight  (the  latter 
ratio  is  the  ‘head”  Hj  of  the  propulsor  in  foot  pounds  per  pound  =  feet).  This  reasoning  can  and  has  been 
pursued  in  the  field  of  open  propellers  where  values  of  AK/Kq  as  low  as  1/10  (or  less)  are  possible. 

Equation  (2.5)  shows  that  in  this  case  the  propeller  head  is  as  low  or  lower  than  0.21  V^llg^. 

However,  the  designer  of  ducted  piopulsors  such  as  those  shown  in  Figures  1  and  2  cannot  ignore  the 
existence  of  certain  head  losses  in  the  ducts.  It  will  be  assumed  here  that  these  duct  losses  are  proportional 
to  the  velocity  head  of  the  oncoming  stream  (K„^/2^„),  If  the  loss  of  head  in  the  duct  were  as  low  as  0.1 
Vq  !2gQ,  the  aforementioned  velocity  increase  ratio  AVlV^  =0.10  would  be  associated  with  a  useful  pump 
head  of  the  same  magnitude  as  the  duct-loss  head.  This  obviously  reduces  the  efficiency  due  to  duct  losses 
alone  to  something  in  the  vicinity  of  65  percent.  In  this  case,  the  high  ideal  jet  efficiency  related  to  AK/Fq 
=  0.10  (about  95  percent)  would  be  of  no  practical  value. 

It  should  be  mentioned  here  that  the  idea  of  considering  the  duct  losses  as  proportional  to  the  velocity 
head  of  the  oncoming  stream  has  been  questioned.  Brandau’  gives  (among  many  valuable  con¬ 

siderations)  a  brief  survey  of  various  suggestions  made  by  several  investigators,  and  recommends  a  somewhat 
different  approach  than  used  here. 

One  alternate  approach  is  that  of  Joseph  Levy  who  uses  the  jet  velocity  head  V?l2gQ  to  describe  the 
duct  losses.  It  has  already  been  mentioned  that  the  inlet  duct,  which  propably  accounts  for  most  of  the 
duct  losses,  is  subjected  to  velocities  that  are  proportional  to  Vq  and  not  to  Vj.  However  it  should  be  con¬ 
sidered  that  Fy  =  Kq  +  AK  =  Fq  (1  +  AF/Fq).  Thus  Vq  and  Fy  are  proportional  to  each  other  for  similar 


9 


propulsion  system  characteristics;  i.e.,  for  AVIVq  -  constant.  Thus  there  does  not  appear  to  be  a  funda¬ 
mental  difference  between  the  use  of  V.  or  Vq  as  reference  velocity  for  the  duct  losses.  However,  it  will  be 
seen  later  that  the  optimum  value  of  AVIV^^  for  fixed  loss  coefficients  is  somewhat  different  when  Vj 
rather  than  is  used  as  the  reference  velocity. 

If  the  duct  loss  is  accepted  as 


V/2^0  (2-6) 

the  “jet  efficiency”  corrected  for  this  duct  head  loss  (but  otherwis;  derived  like  the  ideal  jet  efficiency)  is: 


V^-AV 


V^AV^ 


AP 


+  K 


1  + 


AV 

2Vn 


(2.7) 


+  K 


2Ay 


The  results  of  this  equation  are  plotted  in  Figure  4. 

A  second  influence  of  real-flow  effects  is  concerned  with  the  drag  of  submerged  bodies;  e.g.,  the  in¬ 
take  structure  to  the  propulsor  duct.  It  is  important  to  consider  here  only  those  parts  of  the  submerged  or 
semisubmerged  structure  that  would  not  exist  in  the  absence  of  this  particular  propulsor. 

The  net  propulsive  force  in  this  case  is  obviously  T  -  AT,  where  T  is  the  propulsor  force  as  previously 
used  and  AT  is  the  external  drag  of  the  propulsor.  For  a  propulsor  above  the  free  water  surface  (where  the 
drag  is  in  air  and  may  therefore  be  disregarded  compared  with  the  drag  in  water),  the  only  additional  drag 
due  to  the  propulsor  is  the  drag  of  the  intake  nacelle  (see  Figure  2)  or  “scoop”  and  the  added  drag  resulting 
from  the  fact  that  the  surface-piercing  elements  (hydrofoil-supporting  struts  or  side  skirts  of  a  captured  air- 
cushion  vehicle)  may  be  somewhat  larger  than  required  without  the  presence  of  hydrodynamic  propulsor 
flow  through  these  elements.  The  nearly  unavoidable  lack  of  axial  symmetry  of  the  intake  also  involves  an 
induced  drag;  the  surface  wave  drag  must  also  be  included  in  AT. 

Taking  this  external  drag  increase  into  account  leads  to  the  expression  for  the  “real’  jet  efficiency 


T-  AT 


1  + 


AV 

2V^ 


+  A 


2A^' 


1  + 


AV 

2V„ 


+-K 


2AV 


(2.8) 
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4V/V, 

Figure  4  Jei  Efrick  cy  as  a  Function  of  Increase  in  Through-Flow  Velocity 
AV  =  y  1'^,  and  the  Duct-Loss  Coefficient  K  -  2g^  h.  jV^ 


Assume  thut 


—  ^<1  und  AT  «  pa|,^| 

(.'t|  is  the  submerged  iitluke  areu  ut'  the  duel  and  Is  delliied  by  l-lguie  2).  Hence: 


AT 

Cr  - 


c  r 


T  ^  2pa,/l,r„AI'  a,  2Ay 


Thoret'orc,  according  to  rijuiitions  (2.K)  and  (2.7): 


/  AT\  i  *0  ^ 

’''.■’''I  V"  -t)  V"  ^  TEJ) 


C.ioi 


Consider  that  ttj  <  1  as  tlic  incoming  How  Is  slightly  retarded  before  reaching  the  intake  area  {“pre- 
diffusion;"  see  Figure  2).  Now  estimate  the  drag  coefficient  Cy/a^  (This  is  the  drug  coefficient  referred  to 
the  cross  section  a|/t|  of  the  incoming  stream  which  has  the  undisturbed  velocity  i.e,,  the  cross  section 
of  the  stream  before  it  comes  under  the  influence  of  the  intake  structure.)  By  introducing  the  coefficient 
Kj.  =  Cy/a^ ,  one  may  write  propulsor  drag  as 


AT=  Kya^A^pV^^|?  (2,11) 

and  the  jet  efficiency  including  duct  head  loss  (K  and  propulsor  or  propulsor  intake  drag 

(Ar=  A'^a,/!,  p  ^(,2/2)  as 

\-KyV^I2AV 

T).  =  -  (2.12) 

^  I  +  AF/2  Fj.  +  A' F0/2AF 

It  is  important  to  remember  that  the  propulsor  or  propulsor-iritake  drag  AT  does  not  include  the 
momentum  of  the  incoming  propulsion  stream  pQ^y^  which  was  taken  into  account  in  deriving  the  “ideal” 
jet  efficiency  (Equation  (2.3))  and  the  “real”  jet  efficiency  (Equation  (2.7)). 

Furthermore  it  is  important  to  remember  that  neither  Equation  (2.12)  nor  any  of  the  preceding 
equations  takes  account  of  the  energy  tosses  in  the  propulsion  pump.  This  means  that  all  jet  efficiencies 
quoted  become  propulsive  efficiencies  in  an  overall  sense  only  when  multiplied  by  the  hydrodynamic 
efficiency  of  the  propulsion  pump;  this  efficiency  may  be  expected  to  be  close  to  90  percent,  assuming 
competent  design. 
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4  iliowt  <1)0  ,|ci|  oHUi^hcleit  coruMed  vinly  for  tht  ihu't  Io»m»  (lu|ittillon  (J.7)).  in  viui> 
clnrio'ioiUiU'  i«  ilni  Oiix  ^Hlckncv  «|rpfoiii;h«i  #i»rA)  nilni  linn  unity  for  ^  0,  «)v«n  for  xnnil 

duel  loufli,  flilK  li  in  ii|ir««ineni  with  the  i'or«|ioinii  phyticii)  contl(l»rittloni.  t  in  npilinoin  valin  of  ihr 
volocliy>liK'r«HU>  ntio  throuith  iln  propuUor  iiytntn  Hmi  rather  rapidly  with  invreailnit  duei-loii 

coefficieni  A'.  Ii  may  he  In  ihe  vielnity  of  onodnlf  rather  than  aero  ak  derived  front  the  fi/nr/  Jet 
elYlulenoy  {f}^  In  tupnilon  (^.3)). 

The  linixu  lance  of  duct  louei  la  InuneUidtoly  evident  ffoni  thia  evaluation  of  Itquaiiun  (2.7)  aince  itny 
duct'loas  coefllcleni  (A)  aeta  an  up|>er  llinti  for  the  efYeclIve  Jet  eftlclency  actually  ohtalnable.  ('onaider 
that  a  ^0-deg  elbow  of  the  beat  deaign  (with  turning  vanea)  Involvet  a  lou  of  about  15  inrcenl.  The  arrange' 
ineni  ahown  in  Figure  2  Indlcatea  two  changea  in  direction  of  the  duel  lluw  by  not  leia  than  about  45  deg. 
and  the  neceaaarlly  retarded  Dow  In  the  inlol  duct  (lee  Chapter  5)  Involve  greater  duel  head  loaaea  than  a 
dow  of  cunalani  (or  accelerated)  velocity.  It  la  evident  from  Figure  4  then  that  an  urrungeineni  auch  aa 
aliown  In  Figure  2  necetsarily  involvet.  aerloui  loaaat  in  elYlclency.  In  (tarllcular.  propulior  arrangenienia 
which  do  not  iraniporl  the  mechanical  work  to  or  below  the  free  water  surface  muat  be  expected  to  be 
substantially  loss  efficient  than  more  or  less  conventional  subsurface  propulsion  systents,  fur  e.xample,  that 
sliuwn  In  Figure  I . 

The  silualioti  becomes  even  worse  when  the  hydrodynamic  drag  of  the  submerged  part  of  the 
propulsion  systent  is  considered;  see  Hrpiations  (2.H)  through  (2.12).  Figure  5  shows  the  evaluation  of  these 
equations.  Solid,  broken,  and  dush'and'dot  curves  distinguish  between  external  drag  coefficients  Ky  •  U, 

0.1,  and  0.2.  Curves  for  duetdoss  coefficients  A'  “  0.2  and  0.5  have  been  omitted  to  avoid  confusing  Inter- 
ference  between  curves  (note  the  overlapping  of  the  curves  for  A’  ®  0,4,  Kj.  •  0.2  and  for  A’  ■  0.6, 

Ky  ^  0.1),  It  is  ovidetit  from  this  figure  that  the  rnrnbinatlon  of  Internal  duct  losses  A'  and  external  drag  Ky 
rapidly  brings  the  jet  eftlciettcy  (corrected  for  such  losses)  down  to  the  undesirable  range  between  60  and 
50  percent  (recall  that  these  values  must  be  multiplied  by  Ihe  efficiency  of  the  propulsion  pump). 

The  curves  for  very  low  duct  loss  factors  (A'  ■  0  and  0.05)  apply,  of  course,  primarily  to  completely 
.submerged  prupulsurs  of  the  type  shown  diagrammatically  in  Figure  6  and  involve  the  problem  of  mechanical 
transfer  of  power  to  u  nacelle  below  the  free  water  surface.  It  is  seen  from  Figure  6  that  the  gearing  leads 
to  a  larger  nacelle  diameter  than  would  otherwise  be  required.  In  this  case,  the  external  drag  Ky  becomes 
more  important  than  the  internal  duct  losses  (which  may  be  quite  small  as  expressed  by  small  values  of  A'). 

Along  with  other  propulsion  systems  for  higli-s^reed  surface  vehicles,  this  submerged  propulsor  shares 
the  need  for  efficient  diffusion  of  the  incoming  stream  and  for  an  additional  inlet  area  for  low-speed,  high- 
thrust  operation. 

According  to  Figure  5,  the  "jet  efficiency”  which  can  be  expected  from  a  submerged  propulsor  is  in 
the  neighborhood  of  0.7  for  a  value  of  K  no  greater  titan  0.05  and  “  O.I.  If  a  value  of  0.2  is  assumed 
for  Ky  because  of  the  large  nacelle  diameter,  then  with  K  =  0.0.5,  the  jet  efficiency  is  0.62.  Compare  this 
with  the  jei  efficiencies  of  propulsors  above  the  water  surface  (Figure  2)  where  the  duct-loss  coefficient  K 
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It  1)01  l<)k<  ihm)  0.4  it  iiutio  »0)t'lviti  tltK)  «)f<iii|K<t))<?))i  cAtt  N  lotiitil  iltAtt  nhtiwii  in 

I  mine  Wiili  A  '  O.'l  nml  im  iiiuke  iliim  ikf  *  0),  4  iiulK'Hiei  h  |ei  elOeieiivV  *  tVM.  Wiili 

ilie  Mine  A  VHlne  Ainl  A  ^  0.1,  ^  thow<  « jet  tOlcleni'y  •  0„V/.  tjietefoie,  in  nnlei  I'lu  •ho\‘e< 

KiiirAi'e  |no|niUi)iii  ii>  e«nn|)ei«  will)  milnneiiteil  inutniiinfii,  >1  winilU  h*  nn'etMiy  in  leiliii'e  ilieli  tlin'Olnu 
enetiu'ieni  A  m  kinneilnnit  •iniiiul  0,J,  T(ii«  cmii  he  Avhieveti  nnly  hy  in«ini  AiWAneei  In  the  iieneial  aiian||t«' 
nieni  ami  detail  ni  ilie  tlnelinii. 

I'iltnreii  4  aiul  $  ilmw  a  eiitve  tliinnuli  the  inaktlinnin  valnet  nf  the  eltlcleiK)  cnivet  ineienieii.  li  liai 
lieen  nieniinneil  that  ilie  Incaiinn  nf  iliii  o|tiiimiin  alnim  the  A 171',,  scale  deiwiuls  on  llie  choice  of  ihe 
VAfiahle  (n  velocity  head)  hy  which  the  head  and  Ihiiui  luaiei  are  made  diinemlonlets:  i.e.,  leduced  in 
coelt'lcienu  like  A  and  A'|.,  ll  ha«  aheady  heen  Haled  thal  the  pieaenl  choice  of  oi  p  |i  not 

the  only  choice  poMlhle,  I'liiure  I  in  lliandan*  shows  an  alleinale  jei  efficiency  plot,  lu  hn'iia  of  opiiimnn 
efilciency  is  a  strai|thl  line  throimh  A  iVI',,  *  0,  ^  I  and  A  I'/l',,  "  I ,  <*  0.  Thli  line  it  aUo  idtown  in 

Mtiuie  S  to  indicate  that  the  opiinnnn  value  nf  Is  lower  under  different  auiimpiions  than  under  the 

pieseni  assumption  thal  hydrodynamic  loues  outside  of  the  propulsion  pump  are  pio|iurtlonal  to 
and  r„V2, 

The  previously  mentioned  Justification  for  the  present  choice  Is  thal  most  duct  losses  occur  in  the  in< 
let  duct  and  thal  this  part  of  the  duct  losses  may  well  he  assumed  to  he  proportional  to  the  velocity  head  or 
pressure  of  the  velocity  of  travel  The  inlet  duct  cannot  be  shortened  below  the  limits  dictated  hy  the 

location  of  the  pump  rel.itlc'c  to  the  Intake  and  hy  the  reijuired  ictardallon  of  the  How  from  the  intake  to 
Ihe  pump.  On  the  other  hand,  the  discharge  duct  length  can  and  must  he  mlniml/od  as  shown  in  I'igurc  2 
in  order  to  keep  the  duct-loss  coefficient  A  us  low  us  pussihle. 

One  additional  ell'eci  on  jot  oinciency  was  Introduced  at  the  beginning  of  this  section,  namely,  the 
uddilionul  loss  from  the  elevation  of  the  Jet  above  the  free  water  surface  (sec  Figure  2).  Its  discussion 
was  postponed  because  its  importance  diminishes  with  increasing  speed  of  travel,  yet  it  rctjuircs  attention  in, 
say,  the  .SO-knot  range  of  speed. 

Fquation  (2.4)  may  he  written  in  the  form: 


- ! - (2.13) 

AK  -CoA/i.  Fo 

I  +  -  + - — — 

y2  2M- 

which  has  exactly  the  same  form  as  Fquation  (2.7)  except  that  replaces  the  duct-loss 

cocfncicnt  A'.  Proceeding  exactly  as  in  the  derivation  of  Equations  (2.4)  and  (2.7),  i.e.,  dividing  the  useful 
work  per  unit  of  mass  flow  by  the  same  work  plus  the  losses  per  unit  of  mass  flow,  one  arrives  at  the 
following: 
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t„^r 


k-  ^ 

'  0 


(M4) 

which  attain  han  the  xaiiie  101111  aii  lu|uulitui  (^7)  cxct'pl  ilul  the  m»  ol'  tho  Jiicl  lou  aiul  the  jci-ukvalion 
ci)(>lllcii;tiu  t  A/y  1',,^)  lakesi  iho  place  ul'  (ltd  vlucl*luu  cucincient  A'  alunc,  This  meaiii  tliat  uiie  can 
iisd  i'lgnrcs  4  aiul  5  10  cvalnutc  the  elTcci  of  jot  olcvullon  on  jcl  elTlciency  by  using  the  sum  A' 

In  place  ttl'  the  Uucl^loss  coerflcleni  A.  In  sii  doing,  I'igure  4  reproscnls  rjy^  (uhovo),  and  (analogously  with 
l^uallon  (2,12))  and  I'igure  5  icprosent.s; 


I  A,.  iy2AF 


Neither,  of  course,  iticludcs  the  losses  expressed  by  the  pump  cfncicncy. 

Figure  7  gives  the  jet  elevation  coeftlcient  2/f((  as  a  function  of  the  speed  of  travel  in  knots 

and  the  Jet  elevation  Ali^  in  feet.  It  is  evident  that  only  values  of  2^jj  Ah.|V^j  above  0.05  are  of  major 
significance;  according  to  Figures  4  and  5  a  step  in  K  of  one-half  a  tenth  makes  quite  a  difference  in  jet 
efncicncy,  and  particularly  in  the  optimum  value  of  AVIVq.  Jet  elevations  Ahj  of  less  than  10  feet  arc 
important  at  speeds  below  60  knots.  The  jet  elevation  would  have  to  be  over  20  ft  before  it  would  be  sig¬ 
nificant  at  speeds  of  100  knots  or  more. 

In  summary,  the  potential  capability  of  wateijet  propulsion  with  the  propulsor  and  its  jet  above  the 
free  water  surface  hinges  primarily  on  the  head  losses  in  the  ducts.  Presently  used  arrangements  and  details 
are  not  very  promising.  Not  a  great  deal  of  improvement  can  be  expected  from  the  propulsion  pump  alone 
inasmuch  as  the  efficiency  of  a  competent  and  well-executed  design  is  already  in  the  neighborhood  of 
90  percent.  What  is  needed  is  to  approach  the  duct-loss  problem  by  an  imaginative  general  arrangement  and 
to  design  detaiis  which  offer  some  hope  for  significant  advances.  Some  approaches  to  the  solution  of  this 
problem  will  be  outlined  in  Chapter  4.  Nevertheless,  any  solutions  of  this  problem  must  be  compared  with 
propulsors  at/or  below  the  free  water  surface.  In  other  words,  the  problem  of  carrying  the  propulsion 
stream  to  a  pump  above  the  water  surface  must  be  critically  compared  with  the  problem  of  carrying  the 
propulsion  power  to  a  propulsor  at  or  below  the  free  water  surface. 
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2.3  SOME  WEIGHT  CONSIDERATIONS  ON 
THE  PROPULSION  PLANT 

It  has  become  standard  to  consider  the  propulsion  plant  of  modern,  high-speed,  “dynamic”  surface 
craft  from  the  point  of  view  of  aircraft  practice.  This  means  that  the  weight  of  the  propuision  plant  is  con¬ 
sidered  a  matter  of  major  significance.  This  general  contention  deserves  some  quantitative  examination.  No 
accurate  calculations  are  intended  for  this  section.  Approximate  answers  are  sufficient  for  this  line  of  in¬ 
quiry  and  are  the  best  that  can  be  achieved  by  simple,  and  thereby  reliable,  considerations. 

A  lift-to-drag  ratio  of  14  is  probably  the  best  that  can  be  expected  at  present  from  hydrofoil  craft. 

For  simplicity  of  reasoning,  this  value  is  assumed  throughout  this  section.  Thus  the  ideal  power  required  to 
propel  the  craft  without  any  losses  in  the  propulsion  system  is; 


P.  = 


— 

14 


(2.16) 


where  W  is  the  gross  weight  of  the  craft  (in  pounds)  including  its  propulsion  plant,  fuel,  and  payload  and  P. 
is  the  ideal  power  in  foot  pounds  per  second. 

The  assumption  of  a  constant  lift-to-drag  ratio  of  14  (Equation  (2.16))  is  of  course  meaningful  only  if 
applied  to  the  design  cruise-speed  condition  of  various  vehicles.  Even  this  assumption  can  be  justified  only 
for  the  purpose  of  obtaining  the  most  simple  basis  for  the  approximate  considerations  presented  in  this 
section.  The  assumption  of  a  constant  lift-to-drag  ratio  is  definitely  nut  applicable  to  various  speeds  of  one 
vehicle;  this  should  be  clear  from  the  drag  versus  speed  curve  in  Figure  3.  The  possibility  of  an  approximately 
constant  lift-to-drag  ratio  at  design  conditions  is  the  primary  reason  for  departing  from  the  conventional 
forms  of  displacement  vessel  design. 

If  a  propulsion  pump  efficiency  of  90  percent  is  assumed,  the  curves  in  Figures  4  and  5  suggest  a  value 
of  0,55  for  the  hydrodynamic  efficiency  of  propulsion.  (This  means  that  the  value  for  this  factor  is 
assumed  to  lie  somewhere  between  0.45  and  0.65.) 

Therefore  the  actual  power  P  required  for  propulsion  is  approximately: 


W 

0.55  X  14 


W-  Fo 
F  — — 

®  7.70 


(:.i7) 


This  may  be  converted  into  more  conventional  units,  c.g.,  P^f,  for  the  power  in  horsepower,  for 
the  weight  In  long  tons,  and  F.  for  the  speed  in  knots.  Now  P  ■  550  Pum,  IF  ■  2240  W.,  and  ■  V. 

*  Mr  f  *  (}  m 

X  1.69.  Then 


550 


2240  IF,  •  ,  1  69 

Tno 


J9 


or 


(2.18) 


/>„^  =  0.894 

Assume  (optimistically)  a  specific  fuel  consumption  (SFC)  of  0.5  lb  per  horsepower  hour.  Thus  the  fuel 
consumption  per  hour  will  be; 


=  0.5  ♦  P„p  =  0.894  X  0.5  (2.19) 

Assume  a  total  range  (total  distance  of  travel)  of  R  nautical  miles.  Then  the  total  fuel  consumption  in  pounds 
will  be: 


R 

K  =  K  •  —  =  0.447  KxR 

''if,  ^ 


and,  by  conversion  to  the  same  units  for  and 


0.447  WR 

-  lt'x/?  = 


'  2,240 


5000 


where  W  is  the  vehicle  weight  in  pounds.  Hence: 


R 


W  5000 


(2.20) 


(2.21) 


or  the  traveling  range  in  nautical  miles  will  be: 

R  =  5000  - 

W 


(2.22) 


It  thus  appears  that  the  fuel  to  gross-weight  ratio  would  be  Wf/W  =  2/5  for  a  traveling  distance  of 
2000  nm.  This  clearly  implies  an  aircraft  type  of  structure  for  a  hydrofoil  or  air-cushion  vehicle.  (It  would 
not  imply  this  for  a  displacement  tanker,  but  its  drag  versus  speed  characteristics  would  prohibit  high 
speeds.) 

Accordingly,  for  an  aircraft  type  of  propulsion  plant,  one  might  assume  (optimistically)  a  propulsion 
plant  weight  of  2  Ib/hp  since  the  weight  of  water  in  the  ducts  above  the  free  water  surface  must  be  counted 
as  propulsor  weight.  According  to  Equation  (2.18)  then,  this  means  that  the  weight  of  the  propulsion  plant 
pound*)  would  be 


1-788  IF, K, 


Converted  to  the  same  units  of  weight  (pounds  or  tons): 

1.788 


W  F* 
2,240  * 
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or 


W  1253 


Hence  the  ratio  of  propulsion  plant  to  vehicle  weight  for  60  knots  is; 


(2.23) 


H'  20.9 


and  the  same  ratio  for  100  knots  is: 


W  12.53 


(2.24) 


(2.25) 


According  to  Equation  (2.21),  W^fW  (the  ratio  of  fuel  weight  to  gross  weight)  is  2/S  for  a  range  of 
2000  nm.  It  follows  that  the  ratio  of  propulsion  plant  weight  to  fuel  weight  for  the  same  distance 
of  travel  is 


for  60  knots  and 
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(2.26) 


(2.27) 


for  100  knots. 

Since  fi'f  is  inversely  proportional  to  the  efficiency,  a  1 -percent  change  in  efficiency  would  have  about 
the  same  effect  on  weight  as  an  8-percent  change  in  propulsion  plant  weight  at  60  knots  and  5  percent  at 
100  knots  (assuming  that  with  regard  to  weight,  the  propulsion  plant  is  designed  according  to  aircraft 
practice). 

The  foregoing  assumption  of  a  propulsion  plant  weight  of  2  Ib/hp  is,  of  course,  of  major  significance 
regarding  the  last  results  obtained  and  it  therefore  demands  further  scrutiny.  A  general  study  of  this  value 
is  outside  the  scope  of  this  section.  However  an  estimate  of  the  weight  of  water  that  should  be  included  in 
the  weight  of  the  propulsion  plant  is  of  interest  and  can  be  obtained  in  a  fairly  simple  manner. 

Let  the  volume  of  the  duct  be  A  •  L^.  (Here  the  cross-sectional  area,  A  ~  QlV^\  is  the  average 
meridiotul  velocity  of  flow  in  duct  and  pump,  and  is  the  duct  length  above  the  free  water  surface,  in¬ 
cluding  the  pump.)  For  a  vehicle  weight-to-drag  ratio  of  ]4,  tlie  net  thrust  is: 
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(2.28) 


The  volume  of  the  duct  and  pump  is 


14pAF 


Q  W 

Vol.  =  —  Z, .  =  -  X  - 


and  the  weight  of  water  in  the  duct  and  pump  is 


(2.29) 


Kw  =  Vol.,<'oP=  W 
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(2.30) 


This  means  that  the  ratio  of  duct  water  weight  to  vehicle  weight  is  inversely  proportional  to  the  square 
of  a  Froude  number  Vq!  \/TqJ^  referred  to  the  duct  length  above  the  free  water  surface.  It  is  also 
inversely  proportional  to  the  velocity  ratios  VJVq  and  AVjV^^  and  to  the  lift-to-drag  ratio  (which  was 
assumed  to  be  14).  The  Froude  number  referred  to  the  duct  length  is  not  proportional  to  the  Froude  number 
of  the  entire  vehicle  since  the  pump  elevations  AA^  and  AAy  and  thereby  are  not  expected  to  increase 
proportionally  with  the  linear  dimensions  of  the  vehicle. 

To  check  whether  the  foregoing  assumption  of  a  total  power>plant  weight  of  2  Ib/hp  is  reasonable 
relative  to  the  weight  of  the  water  in  the  pump  and  ducts,  consider  a  definite  example: 

Let  ■  30  ft,  Vq  "  80  knots  ■  135  ft/sec.  AK/Fq  ■  0.65,  and  -  2,  Then  (according  to 

Equation  (2,30)): 


32.2  X  30  X  2 
18,230  X  0.65  X  14 


(2.31) 


i.e,,  slightly  over  1  percent  of  the  total  weight  of  the  vehicle. 

For  a  propulsion  plant  weight  of  2  Ib/hp  and  propulsion  efficiency  of  0.55,  the  ratio  of  propulsion 
plant  weight  to  vehicle  weight  is  (according  to  Equation  (2.23)) 
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and  therefore 
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(2.32) 


Assuming  that  the  pump  weight  plus  duct  weight  =  0.4  the  ratio  of  water  weight  to  pump  and 
duct  weight  is: 


W. 


pet 


\w  % 


0.1824 
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(2.33) 


Short  of  an  actual  design  study,  there  is  no  way  to  check  this  figure.  However,  the  previous  assumption 
of  2  Ib/hp  for  the  total  propulsion  plant  has  not  lead  to  any  contradictory  results,  and  it  may  therefore  be 
accepted  as  a  sufficient  approximation  for  the  purposes  of  this  section. 

Most  considerations  presented  in  tliis  section  obviously  serve  only  for  general  orientation.  Nevertheless, 
at  least  one  definite  conclusion  can  be  drawn  from  the  results  obtained; 

For  a  cruising  range  from  one  to  several  thousand  nautical  miles,  the  fuel  weight  is  a  fairly  large 
multiple  of  the  propulsion  plant  weigh:  (5  to  8  for  the  examples  given).  Therefore  a  sacrifice  in  overall 
efficiency  it  generally  not  justified  in  order  to  reduce  the  weight  of  the  propulsion  plant  unless  the  percent¬ 
age  change  in  weight  is  greater  by  at  least  one  order  of  magnitude  than  the  percentage  change  in  efficiency 
and  fuel  consumption.  For  example,  the  use  of  aircraft  practice  rather  than  stationary  machinery  practice 
reduces  the  weight  considerably  without  necessarily  involving  any  slgnificani  ucrificc  in  efficiency.  Thus  the 
adoption  of  aircraft  practice  is  definitely  justified  and,  in  fact,  necesurv  for  the  propulsion  plants  of  the 
high-speed  surface  craft  considered  here. 


CHAPTER  3.  DESIGN  OF  THE  PROPULSION  PUMP 


3.1  GENERAL  FEATURES 

3.1.1  Foundations  of  Hydrodynamic  Pump  Design 

The  most  important  principles  for  the  design  of  any  hydrodynamic  pump,  i.e.,  centrifugal  or  axial  flow 
(or  “propellei”)  pumps  should  be  presented  prior  to  a  discussion  of  the  design  of  pumps  for  a  particular 
application,  e.g.,  the  propulsion  of  marine  vehicles.  Accordingly,  the  foundations  of  the  design  of  such  pumps 
will  be  reviewed  very  briefly  even  though  they  are  probably  known  to  most  readers.  A  discussion  of  the  most 
important  hydrodynamic  limitation  in  the  design  of  such  pumps  (cavitation),  will  then  be  presented,  .and 
followed  by  an  outline  of  the  general  design  process  with  due  consideration  for  that  limitation. 

The  theoretical  foundation  for  the  design  of  turbomachinery  is  given  by  the  condition  of  continuity,  by 
the  Euler  equation  for  the  change  of  angular  momentum  in  the  vane  systems  of  the  machine,  and  by  the 
basic  similarity  considerations  of  the  flow  in  turbomachinery.  These  three  items  will  be  discussed  in  this 
order. 

For  practically  incompressible  fluids  like  water,  the  condition  of  continuity  states  that  at  any  particular 
time,  the  volume  rate  of  flow  Q  has  only  one  value  throughout  the  machine,  I.e., 


0  = =  constant  (.1.1) 

for  all  cross  sections  of  the  same  machine  at  the  same  time.  In  this  equation,  is  the  average  value 
over  the  cross  sccliorv/(^  of  the  "meridional”  fluid  velocity,  i.e.,  the  velocity  component  lying  in  radial 
planes  parallel  to  and  containing  the  axis  of  rotation  and  Is  any  flow  cross  section  which  is  everywhere 
normal  to  the  local  meridional  velocity  component  For  a  uniform  direction  of  F^  along  any  circle 
coaxial  to  the  machine,  A„  is  a  surface  <>f  revolution  that  is  also  coaxial  to  the  machine  (AA  and  BB  in 
Figure  8).  Evidently 

0 

m  •' 

(» 

In  I'lgure  8,  where  the  limits  a  and  (>  refer  to  the  two  surfM<  c«  .o  , evolution  AB  which  form  the  inner  and 
outer  boundaries  »f  the  spuve  ttf  revolution  cimlaining  the  flow. 

Equation  (.Ml  carr  (tbviouily  be  written  In  the  form 


(.V.U 


»v, 


If  the  local  velocity  F  is  used  instead  of  F„  ,  the  condition  ol  conilnuitv  appears  in  the  form; 


J(J  •*  2  Kr  </«  F^  •  constant 

i.e.,  constant  along  any  "meridional  streamline"  In  Etgure  8. 
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(.V4) 


KlUiirc  K  ^  Runner  Profile  and  Noiadonit  for  the  Dcrivmion  of  ihc 
I'uler  Tuihtiniacliinery  I  nuulion 


Wtien  the  elementary  steps  dQ  und  dn  arc  replaced  by  flnilo  steps  AQ  and  An,  riqualion  (.V4)  can  be 
used  I'ur  the  construction  of  the  meridional  streamlines  or  stroom  surfaces.  This  makes  the  finite  purls  AQ 
of  the  total  capacity  constant  through  the  portion  of  the  machine  considered,  I.e.,  AQ  ■  QIni,  where  m  Is  a 
constant  integer. 

in  Equation  (3.4),  is  assumed  to  be  constant  along  circles  coaxial  to  the  machine,  not  only  in 
direction  but  also  in  magnitude;  this  is  called  the  assumption  of  "axiol  symmetry.” 

With  the  meridional  velocity  component  determined  or  approximated  by  the  condition  of 
continuity,  the  remaining  circumferential  fluid  velocity  component  I  ^  is  determined  by  the  circumferential 
forces,  or  the  torque,  applied  by  the  vanes  (or  other  means)  to  the  fluid  In  the  machine.  This  relation  Is  the 
Euler  turbomachinery  momentum  equation. 

Refer  to  Figure  8  and  consider  un  elementary  part  dQ  of  the  flow  moving  along  the  stream  surface  CD. 
Evidently  the  condition  of  continuity  demands  that 

dQ  ■=  2  7rr|  J/r,  =•  2irr2  dn.^  (3.5) 

If  a  certain  torque  (moment)  dM  is  applied  by  the  vanes  to  the  fluid  between  C  and  D,  this  torque  will  change 
tlie  moment  of  momentum  (or  “angular  momentum”)  of  the  flow  according  to  the  relation: 

d4/  =  p  •  r,)  (3.6) 

where  p  is  the  fluid  mass  per  unit  volume.  This  is  the  Euler  turbomachinery  momentum  equation  for  the 
elemental  stream  dQ. 

Assume  that  the  torque  dM  is  applied  to  the  stream  by  a  vane  system  which  turns  about  the  axis  of  the 
system  at  an  angular  velocity  co.  The  mechanical  work  per  unit  of  time  or  the  “power”  interchanged  between 
the  turning  vane  system,  the  “runner”  (or  “impeller”),  and  the  fluid  is: 

UJdM-^p  dQ  I  {/, )  (3.7) 

where  (fVj  =  r-j  x  w)  and  (C/j  -  x  w)  are  the  peripheral  velocities  of  the  runner  vanes  at  distances  and 
/•j  from  the  axis  of  rotation. 

Division  of  both  sides  of  Equation  (3.7)  by  the  elementary  weight  flow  g  ^^p  dQ  along  the  stream  sur¬ 
face  CD  leads  to 
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where  is  the  work  per  ^lound  of  fluid  exchanged  between  the  runner  and  the  fluid;  this  is  c-illed  the 
“runner  head”  of  the  machine.  In  the  case  of  a  pump,  the  torque  exerted  on  the  fluid  by  the  runner  has  the 
same  direction  as  the  angular  velocity  co,  so  that  this  work  is  transmitted  from  the  runner  to  the  fluid.  The 
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iJliKCiiKiiin  ol  ix  loot  potiitdt  |K'r  xci'oitd  illvldctl  hy  pioiiid  iH*t  irctoid.  whU'h  I*  loot  potiiitU  pot  poiiitti  oi 
"I'eoi''  (tilthoiiuh  III.'  ciiiioollHlIon  ol'  pouitdi  l«  xoiitowlitii  ptohlommici.  Il  titli  woiK  ooitld  lio  oonvotlod  Into 
iliilk  ptciitiro  wiiliotil  itiiy  loxi,  //^  would  roptoxoitt  Ihu  piouuio  Itioroitiio  to  loriiti  ol  llio  holitlii  ol'  it  ooluiiiit 
of  iho  lUpild  pun)|)«d  or  iho  hoittlil  lo  which  iho  Hold  could  ho  lil'lod  hy  ihix  puttipittit  xclioti. 

ir  Iho  cunvoriioii  Into  proiiuro  wore  to  luko  pluco  to  tot  orncioiicy  tf^,  ihon  the  ttciuitl  holiihl  or  "iiol 
hoad"  //  to  which  the  pump  can  lll'l  Iho  tluid  (without  riiiihor  louoi  xtich  ai  pl|to  rilclloii  louoi)  ix 


//  “  »?/,  If,  " 


(X'>) 


Horo  lx  called  Iho  "hydraulic  oniciciicy;"  it  ix  xoiiiowhat  hi)(hoi  than  iho  overall  olTicleiicy  r/  of  the  pump 
because  it  exprouc'  nly  hydrodynamic  losses  and  not  paiasitic  tortiuo  chaiiKos  which  are  Included  in  iho 
definition  of  the  overall  ofllcloncy  r). 

The  liulcr  lurbunuichlnery  head  equation  (luptallon  (3.(1)  or  (3.K))  has  been  derived  for  one  elementary 
part  of  the  flow  through  the  machine.  In  most  cases,  one  would  want  this  head  or  energy  Input  lo  the 
Ouid  lo  be  uniform  across  the  entire  stream  (hat  passes  through  the  machine.  This  means  that  the  lunner 
head  //,  must  be  the  same  along  all  coaxial  stream  surfaces  that  pass  ihrouglt  the  runner,  and  (according  to 
liquation  (3,8))  the  same  must  be  true  for  This  constitutes  a  design  requirement  for  the 

runner  vane  system. 

l-or  a  development  of  a  cylindrical  section  at  the  runner  Inlet  (Point  C)  and  a  conical  section  al  the 
di.schargc  (Point  D),  i-igure  8  shows  (he  velocity  vector  diagrams  which  sliould  ho  drii'vn  In  spaa'  tangentially 
lo  the  stream  surface  (il  revolution  lhal  desetihes  the  meridional  How,  The  first  approximation  of  ihe 
required  vane  shape  would  be  lo  make  the  ends  of  this  purltcular  vane  section  parallel  to  the  relative 
velocities  u'|  and  rv,.  I'his  is  a  poor  upproxiniatiun  for  puntps  al  the  discitarge  vane  edge  but  It  is  fairly 
good  at  the  inlet,  provided  an  allowairce  is  made  for  vane  thickness  so  that  the  flow  cross  section  between 
the  vaitcs  satlsHcs  the  condition  of  continuity  with  res|rect  to  the  relative  velocity  w. 

An  additional  corrcctiun  is  needed  at  the  discharge  of  pump  vane  systems  as  illustrated  in  Figure  d.  If 
it  is  assumed  that  satisfies  tlic  condition  of  continuity  at  the  discharge  cross  section  between  the  vanes, 
tiien  the  real  peripheral  component  of  the  absulule  flow  at  discharge  is  less  than  1" 

the  diagram  to  (boih  velocities  marked  by  *  arc  fictitious).  Surprisingly,  a  fair  approximation  of  Ihe 
real  flow  F2  can  be  obtained  by  assuming  that  1^  IV^  *  “  0.8,  so  long  as  the  vane  length  •'  Is  sub¬ 
stantially  larger  than  the  circumferential  vane  spacing  at  the  discharge  diameter.  This  approximation 
applies  also  to  the  development  of  a  conical  section  that  approximates  the  meridional  stream  surface  in  the 
discharge  region  of  tlie  vanes. 

Other  approximations  are  available  for  wider  vane  spacing  I);  however,  the.se  do  not  fall 

within  the  scope  of  this  presentation. 


27 


A  ilniil  Hctn  concertii  b«ilc  ilmt)«riiy  relailoni  for  lurboimchincry.  In  tteneml,  nuid  inechinios, 
tlitdlarlty  itlailoiii  ate  truly  aliuiricant  only  It  ili«  Row  froin  a  rrlcilonloM,  liikHunpreiitihle  Row  or  If 
It  Involvai  ilio  tiiRuenca  of  gravity  (or  another  acceleration  of  the  ayitem  ai  a  whole).  Without  such 
deftarturei  from  Idea)  Row,  the  similarity  statement  is  nearly  trivial  since  the  Row  will  be  similar  for  geo* 
metrically  similar  Row  boundaries  and  similar  approaching  Row  relative  to  these  boundaries,  fur  example,  «he 
ume  angle  of  attack  on  geometrically  similar  airl'otls.  in  the  Reid  of  turbomachlnory,  however,  very  slgnlR- 
cant  sindlarlty  relations  are  in  order  under  the  most  sintple  ideal  Row  conditions  because  there  are  two  Inde¬ 
pendent  velocities,  the  velocities  of  Row  I''  and  the  circumferential  velocities  of  solid  parts  of  the  machine  V. 
Since  Row  velocities  as  well  as  circumferential  velocities  form  essential  parts  of  the  velocity  vector  diagrams 
(as  sliuwn,  for  example,  in  Figure  S),  It  Is  appureni  (hat  similarity  of  Row  in  lurbomuchinery  Is  possible  only 
if  Ruid  veliK'lties  V  and  circumferential  velocities  V  have  Ihe  same  ratio  to  each  other  at  geometrical  points 
similarly  located  In  similar  machines,  (Similarity  of  velocity  vector  diagrams  at  similarly  located  points  may 
be  regarded  as  a  doRnltiun  of  '‘similarity  of  Row,") 

Evidently 

Q 

y  »  constant  x  —  ,  and  U  ■  constant  /i  x  P  (.VIO) 

where  D  is  any  representative  linear  dimension  of  the  machine  (say,  an  impeller  diameter)  and  n  is  tlie  number 
of  revolutions  per  second  of  the  rotating  solid  parts,  the  impellers. 

Hence  Ihe  aforementioned  “kinematic  condition  of  similarity  of  Row  in  turbomachines’’  may  be  ex¬ 
pressed  by  the  "Row  coefRclont;’’ 


y 

—  »  constant  or 
U 


Q 

nP^ 


=  constant 


(3.11) 


With  respect  to  y/U,  “constant"  means  the  same  at  similar  locations  in  similar  machines;  with  respect  to 
QtnD^  it  means  the  same  for  similar  machines.  V/U  =  constant  applied  only  to  similarly  located  points  in 
tl\ese  machines.  For  an  incompressible  Ruid  like  water,  Q  and  QjnP^  are  constant  throughout  any  one 
machine  at  any  one  time. 

The  Row  conditions  considered  are  “ideal”  to  the  extent  that  inertia  forces  dominate,  i.e.,  all  pressure 
differences  Ap  are  proportional  to  p  or  to  pU^.  This  means  that 


8qH  go« 

-  *  constant  and  -  =  constant  (3,12) 

at  similarly  located  points  In  similar  machines  under  similar  Row  conditions.  The  ratio  or  2gQH/U^ 

is  called  the  “head  cocfRcient.’*  Expressed  in  terms  of  the  operating  conditions  Q,  n,  and  H  and  the  character¬ 
istic  dimension  P,  the  above  irlations  assume  the  form: 


g^HD* 


— ■  »  constant  and 


constant 


(3.13) 


wliich  applies  to  tlic  entire  macliines  compared. 

Figure  10  compares  the  head,  efnciency,  and  power  as  a  function  of  the  rate  of  volume  How  (or 
“capacity")  for  two  different  speeds  of  rotation.  According  to  Equations  (3.1 1)  and  (3.13),  the  head  H  in¬ 
creases  proportionally  to  the  square  of  the  speed  of  rotation  n  whereas  the  capacity  Q  increases  linearly  with 
n  fur  similar  flow  conditions.  Thus  similar  flow  conditions  are  connected  in  an  7/  versus  Q  diagram  by  the 
parabolas  shown  in  Figure  10.  Applying  the  preceding  equations,  (3.1 1)  and  (3.13),  to  the  conditions  in  this 
figure,  one  finds  that  with  ~ 


ano  —  = 


(3.14) 


The  validity  of  the  similarity  relations  leading  to  Equations  (3.1 1),  (3,13),  and  (3.14)  can  be  proven  by 
plotting  the  head  versus  capacity  characteristics  in  dimensionless  form.  This  was  done  in  Figure  1 1  for  an 
axial-fiow  pump.  The  inlet  pressure  was  kept  sufficiently  high  to  avoid  any  appreciable  cavitation,  and  the 
impeller  diameter  was  15  in.  Thus,  with  water  as  the  test  fluid,  there  were  no  appreciable  effects  of  vis¬ 
cosity.  It  is  evident  from  Figure  1 1  tha*  under  these  conditions,  the  .similarity  relations  expressed  by 
Equations  (3.11),  (3.12),  and  (3.13)  hold  ;vithin  the  rather  high  accuracy  of  the  tests  performed. 

It  should  be  evident  from  Equations  (3.1 1)  and  (3.13)  that  under  similar  flow  conditions,  similar  pumps 
of  different  sizes  D  and  operating  at  different  speeds  of  rotation  n  cover  a  very  wide-indeed  infinite-range 
of  actual  operating  conditions.  It  is  thus  reasonable  to  ask  which  range  of  operating  conditions  n,  Q,  and  H 
can  be  covered  by  geometrically  similar  pumps  of  different  sizes  operating  at  different  speeds  or  rotation. 

This  question  can  be  answered  by  eliminating  from  Equations  (3.1 1)  and  (3.13)  the  linear  dimension  D.  This 
gives  a  similarity  relation  of  the  operating  conditions  n,  Q,  and  H  which  is  independent  of  the  absolute 
dimensions  D  of  the  machine.  Evidently 


m£) 


=  constant 


It  is  customary  (for  no  particular  reason)  to  use  the  one-half  power  of  this  expression  although  any  other 
power  would  serve  as  well.  The  one-half  power  is  called  the  “(basic)  specific  speed"  of  the  machine: 


(3.15) 
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It  can  be  defined  by  the  statement  that  any  constant  value  of  the  specific  speed  describes  that  combination 
of  operating  conditions  n,  Q,  and  //  which  can  be  satisfied  by  similar  flow  conditions  in  geometrically  similar 
machines  as  far  as  their  waterways  are  concerned. 

It  may,  or  may  not,  be  evident,  from  the  above  definition  of  the  specific  speed  but  it  is  nevertheless 
true  that  the  specific  speed  must  be  related  to  certain  design  and  form  characteristic  of  the  machine  con¬ 
cerned.  By  using  the  dimensions  defined  by  Figure  12  and  the  obvious  relations 


(3.16) 


For  axial-flow  machines,  obviously  D.  =  and  U.  =  U^.  Thus: 


n 


nQ^I^ 


1 

■  ^0^' 

3/4 

1/2 

1/2 

21/4  ^j/2 

‘'o 

(3.17) 


There  are  other  relations  that  can  be  established  between  the  form  of  the  machine  and  the  specific  speed. 

Any  relation  between  the  specific  speed  and  the  design  of  centrifugal  and  axial-flow  pumps  as  ex¬ 
pressed  by  Equations  (3.16)  and  (3.17)  is  obviously  meaningful  only  if  the  specific  speed  is  calculated  for  a  , 
point  at  or  near  the  point  of  best  efficiency  (sec  Figure  10)  which  should  be  the  design  point  of  the  machine. 

Figure  13  shows  a  series  of  single-stage  centrifugal  and  axial-flow  pump  impellers  of  different  specific 
speeds  derived  from  Equation  (3.16)  under  the  assumption  that  lU^  =  constant  and  I^Sq^  = 

j  j  j  i  'nin 

constant.  Evidently  llQ^/2g^f// =  (Uff  flg^lT)  \  {D^^IDq  Y.  Figure  14  shows  impeller  profiles  derived 

inin  min 

under  the  same  assumptions  for  axial-flow  runners  by  using  Equation  (3.17).  (The  values  for  rr^j  and  n^^ 
were  calculated  with  the  root  head  coefficient  =  1  and  4,  respectively;  the  second  value  applies 

mainly  to  turbines.)  Evidently  a  design  choice  has  to  be  made  between  radial  and  axial-flow  machines  inas¬ 
much  as  the  design  forms  shown  in  Figures  13  and  14  cover  somewhat  the  same  range  of  specific  speeds. 

It  is  thus  evident  that  the  entire  field  of  centrifugal  and  axial-fiow  pumps  can  be  represented  as 
(probably)  a  multivalued  function  of  the  specific  speed.  The  specific  speed  can  be  calculated  before  anything 
is  known  about  the  design  of  the  machine  concerned,  thus  locating  the  design  problem  within  a  vast  field  of 


32 


VELOCITY  DIAGRAM 
AT  POINT  I 


Figure  12  Mixed  Flow  Runner  Profile  and  Defining  Notations 


=  0.55 


.15 


Figure  14  —  Axial-Flow  Runner  Profiles  as  a  Function  of  the  Basic 
Specific  Sp>eed 

vn  for  29qHIU^  =  1.  n  for  2gf.HluJ^  =  4) 


design  possibilities.  For  example,  if  the  specific  speed  should  be  very  much  lower  than  the  lowest  value 
indicated  in  Figure  13,  then  the  use  of  several  stages  in  scries  might  be  indicated  so  that  the  head  per  stage  is 
reduced  by  dividing  by  the  number  of  stages.  Thus  the  specific  speed  of  each  stage  is  increased  by  the  3/4 
power  of  the  number  of  stages,  thereby  avoiding  the  loss  in  efficiency  connected  with  very  low  specific  speeds 
per  stage. 

The  upper  limits  of  the  specific  speed  are  more  stringent.  It  is  evident  from  Figures  13  and  14  that  the 
size  of  a  pump  (and  thereby  the  weiglit  and  cost  of  a  pump  and  of  its  driver)  decreases  rapidly  with  in¬ 
creasing  specific  speed.  It  can  be  shown  by  some  simple  similarity  considerations  that  the  weight  of  a  torque- 
producing,  torque-demanding,  or  torque-transmitting  machine  is  roughly  proportional  to  the  torque.  The 
torque  is,  of  course,  inversely  proportional  to  the  speed  of  rotation.  Thus  doubling  the  specific  speed  for 
the  same  Q  and  H  may  be  expected  to  cut  in  half  the  weight  of  the  rotating  machinery  operating  at  that 
speed.  Therefore  there  is  a  very  strong  incentive  to  always  select  the  highest  specific  speed  possible  under 
given  circumstances.  The  upper  iimits  of  the  specific  speed  are  therefore  of  great  practical  importance.  Be¬ 
fore  turning  to  this  question,  it  is  necessary  to  consider  briefly  the  units  of  the  variables  used  in  the  specific 
speed. 

It  should  be  evident  that  the  expressions  for  specific  speed,  flow  coefficient  (QlnD^), 

and  head  coefficient  D  or  gQHD^lQ^)  are  dimensionless.  The  dimensionless  form  of  these  ex¬ 

pressions  are  used  in  this  report  to  make  it  more  universal  and  to  avoid  possible  confusion  with  those  that  use 
other  systems  of  units.  If  the  same  units  of  force,  length,  and  time  are  used  in  all  of  the  factors  of  these 
dimensionless  ratios,  they  will  have  the  same  value  regardless  of  which  system  of  units  is  chosen  (i.e.,  metric 
or  English  system). 

Unfortunately,  in  the  United  States,  it  is  not  customary  to  use  the  dimensionless  expression  for 
specific  speed.  Rather  it  has  been  customary  to  express  the  rotational  speed  n  in  revolutions  per  minute 
(rpm),  flow  rate  Q  in  gallons  per  minute  (gpm),  and  head  H  in  feet  and  to  completely  omit  the  acceleration 
of  gravity  (g^).  The  relationship  between  the  dimensionless  form  of  specific  speed  and  the  form  customarily 
used  in  the  United  States  is  given  below; 

Specific  Speed  (U.S.  Practice)  jyjyo  (gallons)’ (318) 

Specific  Speed  (Dimensionless)  (minutes)^'^^  (feet)^/** 

In  this  report,  the  dimensionless  form  of  specific  speed  will  be  used.  In  some  cases  the  corresponding 
dimensional  value  (U.S.  practice)  is  given  in  parentheses. 

It  may  be  of  interest  that  the  maximum  specific  speed  of  propeller  pumps  is  about  unity  in  the 
dimensionless  form  used  here  (Equation  (3.15)).  Other  values  of  the  dimensionless  specific  speed  are  given  in 
Figures  13  and  14;  the  dimensional  values  of  are  indicated  in  parentheses.  Pump  efficiencies  begin  to  fall 
off  below  =  0.1  and  loss  about  8  percent  in  efficiency  (compared  with  specific  speeds  above  0.1)  at 
n,  =  0.05. 
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3.1.2  Upper  Limits  of  the  Specific  Speed  Set  by 
Cavitation 


There  are  various  reasons  for  an  upper  limit  in  the  specific  speed,  e.g.,  stresses  in  the  solid  parts  of  the 
machine  or  speed  limits  of  the  driver.  By  far  the  most  important  reason  for  such  limits,  however,  is  cavi¬ 
tation. 

Cavitation  is  the  vaporization  of  the  flowing  liquid  under  the  influence  of  local  pressure  reductions 
caused  by  the  dynamic  action  of  the  liquid.  It  must  be  clearly  distinguished  from  the  damaging  effects  of 
cavitation  on  the  solid  walls,  which  should  be  called  “cavitation  damage.” 

Whenever  cavitation  takes  place  inside  the  machine,  vapor  pressure  is  present  at  that  particular  location 
in  the  machine.  The  difference  between  the  total  head  on  the  suction  side  of  the  machine  and  the  vapor 
pressure  expressed  as  a  head  value  {h^)  is  therefore  a  head  difference  existing  in  the  machine.  It  follows  the 
same  laws  as  any  other  head  difference  in  the  machine,  in  particular  the  same  laws  as  the  head  H  of  the 
machine.  This  total  suction  head  above  the  vapor  pressure,  also  called  “net  positive  suction  head”  (NPSH), 
will  be  designated  by  the  symbol 

The  oldest  and  most  simple  way  to  make  dimensionless  is  to  divide  it  by  the  total  head  H  of  the 
machine.  The  resulting  ratio  is  called  the  “Thoma  parameter;” 


'H 


H. 


H 


(3.19) 


Obviously  it  should  be  constant  for  similar  flow  and  cavitation  conditions  in  similar  machines.  Like  (or 
NPSH),  it  has  a  definite  physical  meaning  only  if  vapor  pressure  (i.e.,  cavitation)  is  present  somewhere  in  the 
machine. 

The  existence  of  cavitation  can  be  established  in  various  ways.  The  best,  but  perhaps  most  difficult, 
way  is  by  visual  observation.  Visual  observation  is  difficult  because  it  requires  a  special  test  machine  or  test 
setup,  It  is  best  because  it  locates  the  point  of  cavitation  and  is  accurate  relative  to  the  first  onset  or  “in¬ 
ception”  of  cavitation.  If  by  such  observation  a  certain  “critical”  value  of  //^^-and  thereby  of  a^-has  been 
established  (for  example,  the  value  at  cavitation  inception),  then  the  value  may  be  expected  to  follow  the 
same  laws  as  the  pump  head  H.  Such  a  critical  value  of  should  therefore  be  constant  under  similar  flow 
conditions  in  similar  machines  (i.e.,  for  QlnD^  =  constant)  irrespective  of  the  absolute  speed  n  or  absolute 
size  D  of  the  machine. 

The  existence  of  cavitation  can  also  be  established  by  observing  ihe  effect  of  cavitation  on  the  operation 
of  the  machine.  Acoustic  observations  are  accurate  relative  to  the  inception  of  cavitation,  but  they  require 
special  apparatus  and  experience.  The  most  commonly  used  method  is  to  measure  the  hydrodynamic  per¬ 
formance  of  the  machine  as  a  function  of  or  of  o^.  If  the  head  or  power  or  efficiency  changes  at 
constant  speed,  constant  capacity,  and  diminishing  the  reason  can  only  be  cavitation  since  the  absolute 
pressure  level  can  affect  the  performance  only  by  cavitation  so  long  as  the  fluid  is  practically  incompressible. 
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It  is  customary  to  specify  the  percentage  by  which  the  head  or  efficiency  is  allowed  to  change  before 
the  corresponding  o:  a ^  value  is  considered  “critical”  with  respect  to  cavitation.  The  percentage  change 
specified  for  head  or  efficiency  ranpes  from  about  0.3  percent  for  rather  exacting  conditions  to  1  percent  or 
even  more  (the  Hydraulic  Institute  standards  suggest  3  percent).  However,  even  the  lowest  percentage  change 
that  can  be  reliably  measured  does  not  mean  that  there  is  really  no  cavitation  at  slightly  higher  values  of 
than  the  critical  value  so  determined.  Thus  if  an  absolute  absence  of  cavitation  is  required,  it  is  necessary  to 
refer  to  a  more  exacting  method  for  determining  the  presence  or  absence  of  cavitation,  e.g.,  the  visual  method 
of  observation  already  mentioned.  The  avoidance  of  cavitation  damage  at  very  high  velocities  of  flow  involves 
this  problem. 

It  is  apparent  that  any  “critical”  value  of  or  must  be  related  to  the  requirements  of  no  cavi¬ 
tation  that  apply  to  the  conditions  of  operation  concerned.  Commercially  valid  conditions  may  not  apply  to 
the  special  conditions  of  hydrodynamic  performance  of  naval  propulsors. 

The  existence  of  a  “critical"  value  of  or  of  gives  numerical  values  to  or  a It  has  been 
stated  that  and  a ^  follow  the  same  laws  that  apply  to  the  pump  head  H.  Thus  the  similarity  relations 
that  apply  to  H  also  apply  to  In  particular,  there  is  a  "suction  specific  speed" 


(3.20) 


This  expression  may  not  be  as  useful  for  predicting  cavitation  as  the  corresponding  expression  for  the  basic 
specific  speed  n^.  It  is  known  that  the  suction  specific  speed  is  particularly  concerned  with  the  low-pressure 
side  of  the  runner.  It  is  therefore  more  useful  to  write  the  suction  specific  speed  in  the  form 
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Evidently,  this  can  be  simplified  to  the  form 


5  = 
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(3.22) 


Another  very  useful  form  of  the  suction  specific  speed  is: 
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Equations  (3.20),  (3.22),  and  (3.23)  are  evaluated  in  Figure  15  for  =0  (zero  “prerotation”). 

i 

Equation  (3.23)  is  derived  from  Equation  (3.22)  by  means  of  the  relation 


C, 


V}  wr 

/  / 
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(3.24) 


where  Cj  is  a  constant  (slightly  greater  than  1 .0)  used  to  account  for  nonuniformities  in  the  “absolute”  inlet 
velocity  and  w.  is  the  relative  velocity  at  the  inlet. 

Here  is  introduced  as  the  cavitation  parameter  of  any  object  exposed  to  the  velocity  w.: 


Pi  -  P, 


It  describes  the  pressure  drop  below  the  inlet  static  pressure  P/  due  to  the  flow  at  the  velocity  w^.  Figure  16 
illustrates  this  situation.  It  is  pracucally  impossible  to  operate  free  from  cavitation  for  values  of  below 

about  0,20  because  the  range  of  the  angles  of  attack  that  permit  cavitation-free  operation  is  one-half  a  degree 
(or  less),  i.e.,  so  small  that  it  is  practically  useless.  Furthermore  the  precision  of  vane  shape  required  is  so 
great  as  to  be  practically  unachievable.  Finally,  available  design  theories  arc  not  sufficient  to  predict  the 
flow  within  such  a  degree  of  accuracy.  Considering  commercial  design  and  manufacturing  practices,  it  is 
doubtful  whether  truly  cavitation-frec  operation  can  be  achieved  at  values  less  than  about  0.4.  According 
to  Figure  15,  this  leads  to  a  maximum  suction  specific  speed  of  about  0,40,  or  7000  gal*^^/min^^^  ft^^^  in 
dimensional  form,  assuming  the  most  favorable  case  of  zero  hub  diameter  =  0).  Even  =  0.4  is 

very  optimistic  and  demands  the  very  best  manufacturing  and  design  techniques  available.  Truly  cavitation- 
frec  operation  is  not  required  commercially,  but  it  may  be  required  at  high  fluid  velocities  for  prolonged 
times  because  of  cavitation  damage. 

The  effect  of  surface  roughness  on  local  cavitation  may  be  as  important  as  that  of  accuracy  of  shape 
and  angle  of  attack.  Figure  17  gives  results  by  Holi  regarding  the  cavitation  number  Og  of  a  sharp-edged 
roughness  as  a  function  of  the  height  of  the  roughness  h  divided  by  the  local  boundary  layer  thickness  5.  In 
the  Holl  investigation,  the  roughness  was  placed  on  a  flat  plate  with  a  cavitation  number  of  zero.  It  is  seen 
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Po  *  INI  IT  ITAQNATtON  rAIMUAI 
p,  •  INLIT  STATIC  AAIHURI 
p,  •  OIICHAAQI  STATIC  AMUUAI 


I  1(1  i\|ik'ul  V.iiie  I'lcssuic  DiMiilniiiuii  v>l  .1  I’limp  \  a»ic  Sytlom 

(Asiul  lltiwl 


*2-9, 


(h«i  N  itni)ihn«u  only  oni»>iw«nil«ih  hi  hliih  hi  ih«  ihlckneu  oi'  the  locnl  boniuUry  layer  can  have  a  cavitation 
nninltcr  »  0.40,  H'  inch  a  routilineM  |i  itlaced  on  i  cuiveil  coniotir  at  a  place  where  In  preiiure  reduction 
ii  (>  **  p  \  without  any  ittuuhneu,  then  the  leiultlntt  cavliatlon  number  of  the  curved  contour 

with  loujihneu  (lehnied  to  I'ree-itfeHin  conditional  ii; 

hot  exHinple,  If  the  itnoolh  contour  preiaure  coen^cient  weie  »>  0,3  and  the  cavitation  nuntber  of  the 
louphneii  alonv  were  ■>  0  1,  thert  the  curved  c<uttour  with  tou)ihneii  would  have  a  cavliatlon  nunibci 
“  0.,l  t  l.,f  \  0.4  B  0.8;},  I.e,,  17  liinei  that  of  the  contour  without  roughneu.  Since  the  boundary 
layer  ihickneii  ti  near  the  leadinit  edne  of  a  vhiio  may  l>e  tpiite  tinall,  even  a  very  iinull  roughneu  can  have 
inch  an  effect. 

The  inoii  |nt|KMianl  concluilon  ii  that  truly  cavlia lion-free  o|reration  reijulres  the  uie  of  very  con- 
oeivaihe  lucllon  ipeciflc  ipeedi,  lay,  lower  than  0.4  (or  7000  gal' fl*^^  In  dimentional  form),  I.e,, 
cxrniiderably  htwei  than  the  conunerclHl  tiandardi  of  the  Hydraulic  Inililute.  Of  courte  truly  caviiation-fioc 
o)wiHllon  ii  run  alwnys  rei|ulred.  The  mod  inipoiiani  caoe  where  It  is  recpilred  Is  operullon  at  very  high  ab- 
Miluie  lluld  velocities  (lubsianllally  higher  than  In  cornmercial  practice)  since  m'lMioH  tianuif  I*  Icnown  to 
increase  very  rapidly  with  the  velocity  of  How.  It  has  been  csllniaied  to  Increase  as  fast  or  faster  than  the 
sixth  |K)wet  of  the  velocity  of  flow.  An  Increase  In  this  velocity  by  u  factor  of  only  l.,S  (for  example)  will 
increase  the  rate  of  cavitation  damage  by  a  factoi  of  more  than  ten.  Thus  even  a  small  amount  of  cavitation 
(acceptable  ut  tower  velocities)  may  lead  to  Intolerable  cavitation  damage  at  Increased  velocities. 

fhc  situation  Is  quite  different  at  cither  very  low  tluid  velocities,  for  example,  as  used  with  commercial 
condensate  pum|ss,  or  for  very  short  operation  with  cavltuiion,  as  In  the  case  of  pumps  for  liquid  lockeis.  In 
such  cases  suction  siwclllc  speeds  as  high  as  ,)  (34,000  gat'^^/mln'^^  fl'^^  In  dimensional  form)  can  be  used 
reliably,  provided  very  s|)eciul  designs  are  used  at  the  inlet  to  the  lltsl  stage  ('‘induccts“t.  h'igure  IS  shows 
that  very  low  How  cooftlcienis  /(/  are  essential  ul  very  high  .ruction  specific  speeds.  With  these  go  very 
low  cavitation  parameters  o^.  Indicating  clearly  that  cavliatloii-free  operation  is  not  ex|HJClod,  To  achieve 
such  low  0^  values  without  a  complete  broukdowti  of  otreratlon,  It  is  necessary  to  use  very  thin  and  sliurp 
leading  vane  edges,  very  slight  curvature  of  the  loading  (mrOons  of  the  vanes,  and  yet  somewhat  larger  cross- 
seciioiral  ureas  between  the  vanes  (ul  the  miei)  than  prescribe d  by  the  condition  of  continuity  with  res|)ecl  to 
(he  relative  velocity  of  the  How  upproucinng  the  vune  system.  This  inducer  design  practice  differs  sub¬ 
stantially  from  that  for  pumps  with  more  conservative  suction  sfrecillc  speeds  and  Involves  certain  sacrilkes 
in  efficiency.  It  tuny  preyt'ii/  intly  im’itatioti-Jivy  ofn’ratum  nvti  at  irrc  low  stiction  speciflv  spettJs.  This 
problem  will  be  discussed  further  In  Section  3..^  because  it  is  of  particular  importance  for  propulsion  pumps. 

A  few  words  are  necessary  with  respect  to  the  operation  of  several  pumps  in  parallel,  hi  particular  the 
effect  of  lire  widely  used  "duuble-suctlon”  arrangement  on  the  cavitation  performance  of  the  unit  (see 
Figure  18). 


So  far  as  its  cavitation  perforinance  is  concerned,  a  double-suction  pump  should  be  regarded  as  two 
single-suction  centrifugal  pumps  arranged  back-to-back  on  the  same  shaft.  Equations  (3.20)  through  (3.23)  as 
well  as  Figure  15  (derived  therefrom)  apply  to  single-suction  pumps  and  therefore  to  each  half  of  a  double¬ 
suction  pump.  However,  there  is  no  reason  why  the  suction  specific  spred  as  given  by  the  left  sides  of  these 
equations 


S  = 


(3.27) 


cannot  be  applied  to  an  entire  double-suction  pump.  If  so,  this  suction  specific  speed  will  be  higher  by  a 
factor  of  y/l  than  the  suction  specific  speed  calculated  according  to  Figure  1 5  for  only  one  side  of  a  double¬ 
suction  pump.  Similarly,  if  N  single-suction  pumps  are  operated  in  parallel,  the  suction  specific  speed  of  the 
aggregate  of  the  N  pumps  would  be  y/N  times  higlier  than  the  suction  specific  speed  of  each  individual  im¬ 
peller  inlet.  This  possibility  will  be  discussed  further  in  connection  with  propulsion  pumps. 

Finally,  atter  must  be  paid  to  the  physical  limitations  of  similarity  consideration  on  cavitation  on 
which  this  entire  Section  3.1.2  has  been  based.  These  similarity  relations  are  based  on  the  “classical 
assumption”  that  cavitation  takes  place  instantaneously  whenever  and  wherever  the  equilibrium  vapor 
pressure  corresponding  to  the  bulk  temperature  of  the  liquid  is  reached.  Since  the  classical  assumption  is  by 
no  means  self-evident,  it  is  really  amazing  how  well  the  similarity  considerations  based  on  it  are  usually 
satisfied.  Vaporization  must  be  explained  physically  by  the  presence  of  certain  weak  spots  in  the  liquid, 
called  “nuclei,”  and  the  universal  availability  of  such  nuclei  is  not  generally  assured.  Furthermore  the  gas 
content  of  the  liquid  must  be  expected  to  have  an  effect  on  the  inception  of  vaporization.  Indeed,  careful 
laboratory  experiments  have  shown  departures  from  the  classical  assumption,  but  such  departures  are 
relatively  rare  in  practical  pump  operation.  Certain  departures  from  the  similarity  relations  based  on  the 
classical  assumption  have  recently  been  observed  and  are  probably  explainable  by  the  gas  content  of  the 
liquid.  Control  of  the  gas  content  of  the  test  liquid  in  relation  to  the  liquid  encountered  in  the  field  would 
be  highly  desirable,  e.g.,  the  partial  pressure  of  the  gas  could  be  treated  like  any  other  pressure  in  the  system. 
However,  some  other  departures  from  the  classical  assumption  cannot  be  ruled  out.  The  effect  of  surface 
roughness  has  already  been  mentioned;  in  comparisons  of  model  test  results  with  prototype  performance,  the 
similarity  of  such  roughness  is  certainly  important  within  the  limits  of  practical  feasibility. 

3.1.3  Principles  of  the  Design  Process  for 
Hydrodynamic  Pumps 

On  the  basis  of  Sections  3.1.1  and  3.1.2,  the  design  process  for  hydrodynamic  pumps  may  be  outlined 
as  follows: 

1.  In  any  event,  the  rate  of  volume  flow  Q,  the  total  pump  head  H,  and  the  total  suction  (inlet)  head  above 
the  vapor  pressure  or  NPSH  are  given. 
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If  the  speed  of  rotation  n  is  also  given,  calculate  the  basic  specific  speed  (/i^  “  and 

the  suction  specific  speed  (5  = 

If  the  speed  of  rotation  n  is  not  given,  assume  the  value  of  the  suction  specific  speed  according  to  the 
general  operating  requirements  of  the  unit  and  from  it  determine  the  speed  of  rotation  n.  This  also  determines 
the  basic  specific  speed. 

Commercial  limits  of  the  suction  .specific  speed  (S  =  0.5  =  8000  gal’^^/min^^^  fl^^^  In  dimensional 
form)  permit  prolonged  operation  at  commercially  customary  fluid  velocities. 

Lower  limits  than  S  =  0.5  arc  required  for  prolonged  operation  at  velocities  that  arc  substantially  higher 
than  commercially  customary  fluid  velocities. 

Substai  tially  higlier  limits  of  S,  say,  5=  2  (34,400  gal*^^/min^^^  ft^^^)  are  permissible  If  operation 
under  these  conditions  is  required  only  for  short  duration  (comparable  to  rocket  pump  operation)  or  if  the 
relative  fluid  velocities  in  the  pump  are  quite  low. 

2.  An  additional  limitation  of  the  speed  o'*  rotation  (or  fluid  velocity)  is  set  by  the  mechanical  stresses  In 
the  machine.  It  can  be  expressed  by  the  “stre.ss  specific  speed:" 


n 


(3.28) 


Tlie  centrifugal-stress  coefficient  ^4^/2  '’tay  he  as  high  as  4  for  machines  with  radial  blade 
elements  and  a  mechanically  very  favorable  hub  construction  and  hub-to-tip  diameter  ratio.  For  centrifugal 
pumps  of  medium  specific  speeds  and  backward-bent  vanes,  the  upper  limit  of  p^U^ll  lies  between  1  and 
2. 

3.  With  the  suction  specific  speed  and  basic  specific  speed  determined  according  to  the  foregoing  (Items  1  and 
2,  certain  design  chokes  must  be  made.  The  basic  specific  speed  suggests  the  choice  between  radial-flow, 
mixed-flow,  and  axial-flow  pumps  for  single-stage  pumps.  However,  a  choice  of  the  number  of  stages  must 
be  made,  particularly  in  the  domain  of  low  basic  specific  speeds.  Below  n^  =  0.1  (1720  gal’^^/min^^^  ft^^^), 
increasing  sacrifices  in  efficiency  are  unavoidable  for  $inglu-.'-(dgc  units.  Multistage  units  avoid  this  because 
the  resulting  reduction  in  the  head  per  stage  leads  to  an  increased  basic  specific  speed  per  stage.  A  related 
choice  must  be  made,  for  example,  between  a  single-stage,  radial-flow  pump  and  a  multistage,  axial-flow 
pump  with  about  tlie  same  outside  runner  diameter  as  the  inlet  diameter  D.  of  the  radial-flow  unit  (see 
Figure  19).  The  radial-flow  pump  has  fewer  vanes  and  larger  waterway;  this  is  particularly  advantageous  for 
small  units  but  might  involve  the  danger  of  pulsations  of  the  discharge  pressure.  Axial-flov/  pumps  have  a 
much  simpler  and  stronger  casing,  but  their  useful  operating  (capacity)  vnge  is  narrower  at  constant  speed  of 
rotation. 
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Figure  19  -  Comparison  of  a  Sii^Sta^  Radial'How  Pump  and  a  Multirtaee. 


Furthermore,  u  design  choice  must  be  made  between  single-  and  double-suction  pumps  as  shown  in 
I'igure  IK.  Single-suction  pumps  arc  simpler,  but  double-suction  pumps  have  u  higher  suction  specific  speed 
(and  thereby  a  higher  speed  of  rotation)  referred  to  the  total  capacity.  The  same  choisc  also  applies  to  (more 
than  two)  pumps  in  ftaralM  (see  Section  3.5). 

Finally,  a  choice  has  to  be  made  between  the  “horizontally  split”  and  “vertically  split”  casing  design 
(outlined  in  the  cliapicr  on  centrifugal  pumps  in  Marks’  Mechanical  Engineers  Handbook),  iowever,  this 
choice  Involves  mechanical  construction  rather  than  overall  arrangement  and  hydrodynamic  design. 

4.  With  the  basic  specific  speed  and  suction  specific  speed  per  stage  and  per  parallel  stream  determined 
according  to  Items  1.  2,  and  3,  Equations  (3.16),  (3.17),  and  (3.20)  through  (3.23)  determine  the  most 
essential  design  variables  of  the  runner,  and  thereby  also  those  of  the  waterways  next  to  the  runner.  A 
“design  choice”  must  still  be  made  regarding  the  absolute  rotation  of  the  fluid  on  one  side  of  the  runner, 
usually  the  low-pressure  side.  After  this  choice  has  been  made,  the  flow  coefficient  lUj  and  the  head 
coefficient  determine  the  velocity  vector  diagrams  at  any  desired  point  of  the  inlet  and  discharge 

vane  edges  of  the  impeller.  It  follows  from  the  Euler  equation  (3.9)  that 


u  ^ 


(3.29) 


with  the  notations  defined  as  in  Figure  8.  This  equation,  together  with  the  flow  coefficient  lU^ ,  the 
"prerotation”  ratio  /f/j ,  and  the  condition  of  continuity  in  the  simplified  form  ~ 

permits  the  construction  of  the  velocity  vector  diagrams  for  any  pair  of  Points  C  and  D  in  Figure  8. 

The  velocity  vector  diagrams,  particularly  the  relative  velocities  *Vj  and  Wj,  determine  the  shape 
(direction)  of  the  runner  vane  ends  as  was  outlined  in  Section  3.1.1.  This  information  and  the  diameter 
ratios  appearing  in  the  specific  speed  equations  ((3,16),  (3.17),  and  (3.20)  through  (3.23))  determine  the 
runner  shape  so  far  as  this  elementary  outline  of  turbomachinery  theory  permits.  The  completion  of  the 
design  consists  of  combining  these  bits  of  information  into  a  geometrically  and  mechaiiicallv  consistent 
overall  structure. 

The  stationary  vanes  or  passages  adjacent  to  the  runner  are  determined  by  the  absolute  velocities 
and  Vj  and  by  smooth  connections  between  the  runner  profile  and  the  inlet  and  discharge  openings  of  the 
casing  or  other  stages  of  the  machine. 

There  is  only  one  additional  relation  to  be  mentioned,  namely,  separation  or  “stall”  of  the  vanes  in 
hydrodynamic  pumps.  The  complete  treatment  of  this  subject  exceeds  any  reasonable  scope  of  the  present 
remarks.  However,  there  is  a  very  simple  limitation  of  the  velocity  diagrams  in  turbomachines  resulting 
from  considerations  of  operation  or  “stall”  which  deserves  mention.  The  flow  relative  to  the  vane  systems 
is  usually  retarded  in  pumps  (or  compressors)  because  one  is  concerned  with  the  conversion  of  kinetic  energy 
into  static  pressure.  The  degree  of  retardation  is  limited;  a  practical  limit  is  0.6  for  the  ratio  of  the  dis¬ 
charging  to  the  entering  relative  velocity  for  rotating  systems  and  for  the  ratio  the  discharging  to  the  entering 
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absolute  velocity  for  stationary  systems.  This  limit  is  particularly  important  in  the  case  of  pump  runners  of 

high  suction  specific  speeds.  The  low  flow  coefficient  required  at  the  runner  inlet  (see  Section  3.1.2  and 

Figure  1 5)  leads  to  a  rather  high  inlet  relative  velocity  since  a  low  V_  requires  a  relatively  large  inlet 

/ 

diameter.  For  a  given  discharge  velocity  diagram,  a  high  inlet  relative  velocity  can  easily  lead  to  unacceptable 
retardation  of  the  relative  flow.  Figure  20  illustrates  the  effect  of  this  consideration  on  the  profiles  of 
single-suction  pump  runners;  the  profiles  shown  to  the  left  are  similar  to  those  given  in  Figure  13.  If  the 
profiles  shown  for  a  moderate  suction  specific  speed  are  assumed  to  be  close  to  an  optimum,  it  should  be 
evident  that  very  high  suction  specific  speeds  can  easily  lead  to  sacrifices  in  efficiency. 

Even  if  the  retardation  ratio  Wj/Wj  or  Fj/Fj  is  kept  above  the  limit  of  0.6,  mentioned  above,  it  is 
still  necessary  to  properly  select  the  vane  length-to-spacing  ratio  (£/t)  in  order  to  avoid  overloading  the  vanes. 
Cavitation  limits  of  this  ratio  can  be  estimated  by  comparing  the  average  vane  pressure  difference  Ap  to  the 
total  inlet  pressure  PfgQff^^.  A  very  crude  but  simple  approximation  (applicable  primarily  to  axial-flow 
pumps)  would  be 

//,  •  P  >  //  •  /  or  -  >  -  (3.30) 

tv  A/  P 

This  relation  is  not  valid  for  large  overlap  and  radial-flow  runners. 

However,  the  preceding  consideration  is  not  concerned  with  “stall.”  To  safeguard  against  “stall,”  the 
vane  lift  coefficient 


must  not  exceed  certain  limits  (sec  Figure  8  for  definition  of  notations).  Here  is  the  vectorial  mean  of 
the  velocity  of  flow  relative  to  the  vanes  and  t^  is  the  circumferential  vane  spacing  at  the  outer  periphery. 

should  not  be  much  larger  than  1  for  vane  systems  with  retarded  flow,  whereas  it  might  be  approxi¬ 
mately  1,5  wlicn  flow  is  not  retarded  and  perhaps  as  high  as  2  with  accelerated  flow. 

For  given  and  velocity  vector  diagrams.  Equation  (3.31)  permits  tlte  calculation  of  the  “solidity  of 
the  vane  system"  P/r^. 

3.2  DETERMINATION  OF  OPERATING  CON¬ 
DITIONS  AND  SPECIFIC  SPEED  FOR  A 
PROPULSION  PUMP 

The  variables  to  be  satisfied  by  a  marine  propulsion  unit  arc  primarily  a  certain  thrust  T  and  the  speed 
or  speeds  of  travel  Fg  at  which  this  thrust  is  to  be  developed. 

The  thrust  T  is  that  for  one  propulsion  unit,  i.e.,  a  propulsor  connected  with  one  intake.  Evidently 

T^pOAV  (3.32) 
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where  is  the  velocity  increase  through  the  unit,  i.e.,  Ay  =  -  Vq.  Here  is  the  relative  approach 

velocity  of  flow,  corresponding  to  velocity  of  travel,  and  is  the  jet  velocity  relative  to  the  craft.  {Vj  and 
Vq  are  assumed  to  have  the  same  direction  relative  to  the  craft.) 

The  rate  of  volume  flow  Q  is  given  directly  by  Equation  (3.32),  assuming  that  AV/Vq  is  given  by  con¬ 
siderations  of  propulsive  efficiency  presented  in  Chapter  2. 

The  required  pump  head  is 


1/2  [/  2  y  2 

H  =  -  +  K  -  +  Ah.  (3.33) 

2^0  2^0  ' 


where  K  is  the  inlet  and  duct-loss  coefficient  introduced  in  Chapter  2.  Ahj  is  the  elevation  of  the  propell¬ 
ing  jet  above  the  free  water  surface.  It  is  zero  for  any  submergence  of  the  jet  below  the  free  water  surface. 
With  V.  =  +  Ai'  and  =  Vq  +  2VqAV  +  AV^,  Equation  (3.33)  assumes  the  form: 


H  = 


2gQ  Ah.  1 
+  a:  +  - I 


(3.33a) 


Obviously,  Ah^  is  to  be  minimized,  inasmuch  as  it  constitutes  an  energy  loss. 
The  total  pump  inlet  head  above  the  vapor  pressure  is 


V^ 

-^  +  (^  -  /»,)  -  A/t^ 


where  h^  is  the  atmospheric  pressure  and  h^  is  the  vapor  pressure;  both  are  expressed  as  a  “head"  in  feet  of 
water.  Ah^  the  elevation  of  the  pump  inlet  above  the  free  water  surface;  it  is  negative  for  a  pump  inlet  be¬ 
low  the  free  water  surface. 

Designating  (h^  -  h^)  by  h^^,  one  may  write 


^KO 


2^0  L 


-  A/,,) 


Considering  also  Equation  (3.33a),  the  Thoma  cavitation  parameter  is: 

2*0 


= 


// 


AV  /AV\ 

-'k) 


2  2gQ  Ah^ 

+  A'  +  - - 


0 


(3.J4) 


(3..1S) 
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If  an  allowable  suction  specific  speed  S  is  determined  on  the  basis  of  the  considerations  presented  in 
Section  3.1.2,  it  is  now  possible  to  calculate  the  basic  specific  speed  by  the  relation: 

(3.36) 

With  the  specific  speed  so  determined,  the  design  of  the  propulsion  pump  is  essentially  established  and 
oepends  only  on  certain  “design  choices”  as  discussed  in  Section  3.1.3. 

Since,  according  to  Equation  (3.33a),  the  pump  head  //depends  on  the  ratio  AVIV^,  the  foregoing 
determination  of  the  specific  speed  can  apply  only  to  operating  conditions  for  which  AF/Fq  can  be  selected 
on  a  rational  basis.  This  is  true  only  for  the  cruising  condition  becauce  the  real  propulsive  efficiency  (as 
defined  in  Section  2.2)  is  of  detcmining  importance  only  for  that  condition.  Therefore,  the  foregoing  con¬ 
siderations,  including  the  determination  of  the  basic  specific  speed,  apply  only  to  the  cruising  condition. 

3.3  SPECIFIC  SPEED  OF  THE  PROPULSION 
PUMP  IN  RELATION  TO  THE  DIVERSITY 
OF  OPERATION  REQUIRED 

It  was  pointed  out  in  Chapter  2  that  the  thrust  requirements  for  high-speed  surface  craft  generally  de¬ 
part  very  strongly  from  the  similarity  conditions  which  require  that  drag  must  increase  as  the  square  of  the 
speed.  Rather  there  is  a  so-called  “hump”  of  the  drag  at  about  one-half  to  one-third  of  the  cruising  speed 
(see  Figure  21).  The  hump  speed  is  the  speed  at  which  the  craft  changes  from  displacement-craft  behavior 
to  that  of  the  intended  behavior  at  cruising  speed,  i.e.,  foilbornc  or  bubbicborne.  Thus  there  is  a  high- 
thrust  condition  to  be  met  at  a  speed  that  is  substantially  less  (by  a  factor  of  1/2  to  1/3)  than  the  cruising 
condition. 

Two  facts  require  consideration.  First,  the  total  inlet  head  above  the  vapor  pressure  (//^^  or  NPSH) 
will  decrease  according  to  Equation  (3.34)  pariiy  according  to  the  square  of  the  velocity  of  travel.  The  other 
part  of  //^^,  i.e.  (ii^^  -  ii^),  is  approximately  constant;  this  happens  to  be  about  equal  to  the  dynamic  part 
(1  -  A')  ‘  ,^/2»q  at  a  reduced  speed  of  25  knots  and  is  therefore  substantially  less  than  (1  -  AO 
speeds  twice  or  three  times  higher  than  the  reduced  speed.  Evidently  //^^  depends  heavily  on  (1  -  AO 
Fy^/2g„  and  will  decrease  substantially  with  decreasing  speed  of  travel  Fj^,  Thus  it  is  the  reduced  speed  of 
travel  at  which  the  pump  performance  will  be  limited  by  cavitation. 

Second,  the  thrust  of  the  prupulsor  will  increase  with  diminishing  speed  of  travel  at  constant  speed  of 
rotation  (or  constant  power)  «'f  the  propulsor.  This  (second)  consideration  will  be  explored  first  under  the 
simple  auumption  that  ■  (4,uiie  ^hump  "  ^cruise'  »ltould  he  understood  that  this  assumption 

can  be  correct  only  if  the  propulsor  has  a  variable  dlKharge  (noz/le)  area. 

1  quation  (3. .33)  can  be  written  in  the  form: 

r  AF  /AF\^  0 

2,„  ill  ^  M,)  -  r.’  1^!  _  ,  j  .  /r  I  (3.37) 
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Thf  "hump,''  01  i9«hu'#(t  codilitioo  u  lo  I  diul  (h?  *omhMoit  h\  oth 

ii'ilpi  II.  rtii  i»Ui«'tl  lu’loio,  II  i«  ADOiiottl  ihtii  //,  -  ,  ilo'ii 


I  ‘ 


Miu  Otpidiioi)  vttii  hi<  utlvcil  loi  .^l  i/Jii  .  whu'h  u  ihv  iaiiooI  ihitui  iiuu'iiw  I  ^  oioh'i  ilo' 
«iiiiUU\plioi\  iiuii  (^1  ij^  l'l|liiio  ''  »liiiw»  lh»*  moilu  ol  ihi*  v^huUlion  thiv>  ol  ilo>  »oi\r»  in  I  i^uk*  - ' 
iiuy  iheii  htf  Mip^ipou'd  unit)  iIid  iIhiui  vvu«u  k)«««il  oriMvtl  viiivt  loi  ilu'  piopoUioii  pUio  410I  \«'liul( 
con«iili;>ieU.  I  iiiuio  Jl  «howk  ihu  Mipoi|>iuiiiou  juul  uulutiiok  ih,ii  iii  ouU'i  10  |h'iiiiii  dtVflt^Mlioii  oi  ilii<  ti«M 
iituki  ihitiit'huiiip  coiulllioiik,  lliv  Ihiiul  vuiw  ol  iho  piopuUoi  0001  |'4u  dhiov  ilo'  loioip  o|  lIu'  ihiiui 
iltfmtiiul  cuivi^.  Ihii  i6«|iilionu?iil  ilttioiioiiitfk  4  luimmiim  kpootl  m  ISuoi  A  ilo*  piopiihoi  iliitui  vui\« 

liiU'iiiicU  ilu'  ihnui'ili'iimiul  cinv^  ol  ihc  ciitH.  M  ihu  i|«i^i?il  ol  ii<iv«l  1'^  u  hi)iiu^i  Ihdii  llw  iih«i)  yiiiUk^ 
spoiHl  (1^  >  I  ^,1.  llwii  Ihtf  ciuiw  coiiililioii  it,'i|oiick  jninip  »|»0(>il  iiiul  powci  ihttM  iho  hump  vtuulilioii 

H  tlic  ciuitie  spootl  III  lu^litft  ih<m  1'^,  llu'u  the  tiuiw'  ktuuliliou  i«'>|uii«>!k  moic  pump  i|H'v'il  <mtl  povktfi  iIku 

Iho  hump  lOiithiioii.  hi  the  lo||(«wiU)i  il  will  ho  utMimotl  ihdi  h\  dii  uppiopiiiiio  wIoiIido  ol  iliv  iiuiko  k|i«oil 
III  roliillou  lo  tlio  iliiiisi  itoiiiMiul  oiiivo,  1^.  o«pt<iU  1'^  xviili  iiii  dilotpioo  ihiiiti  iimitflii  41  iho  hiiiiip 

Il  is  iiiipofliiiii  lo  lomomlu'i  iliul  Iho  piopiilsoi  iliiihi  ounos  111  rmuios  .'I  aiul  wvio  ilo'ooil  umioi 
this  ussumpiUui  iliiii  Oj  “  ‘iml  ~  <‘ii*l  >1*41  ihu  loipmos  411  4»lju»i4hlo  ^hwhaitfo  o|H‘mmi  Soiimii  l.o 
diiuly/cs  Iho  caso  ol  a  llvoil  iluohaiih'  110//I0  o|ioumi!  lu  a  soiios  ol  sium'smvo  appiosuiialioiu  I  ho  io»iih>  ol 
ihoio  culcululioiu  iiulioaio  lliul  loi  a  ooiuiaiii  ituJini^v  o|ioiiiii|i  the  ihiiui  11101040'  lioiii  oitiuo  lo  lotiuootl 
spood  coiidiiioiis  IS  iihoui  HI  pouoiil  loss  lhaii  imhculod  m  I  i^uio  .V  l»»i  411  adjusiahlo  disoh4i|io  opomm; 

This  must  ho  coiisidorod  whoii  applymu  ilioso  oiiivos 

'I'ho  loro|ioiiitl  oonsidoralioiis  osiahlish  iho  lolulioii  hoisvooii  iho  "hump  spood"  and  iho  iiiiuuip  s|  ood 
1'^  iis  iiulioiiiod  ill  I  ipiuo  Jl,  Ol  oouiio,  I'l  HMV  ho  mi  oihof  mmmm.'ii  i/vts/  0/  imu  /  tuiuitvJ  ur  lull 

s/iort/  i>f  nuatiiui.  The  next  slop  is  obviously  lo  iloloimme  iho  lo\v  s|K'od  loial  iiiloi  head  iii  lolalloii  lo 

Iho  inlet  head  at  oruisiiin  s|iood  11^^  heoaiiso  this  will  poiimi  the  di lOMiiiiialion  t  >1  soloolioiil »«!'  Iho 
suotiuii  spooitlo  siioods  ul  hoili  low  speed  and  oiiiisiiic  oondiiioiu. 


Acoordhin  lo  hqualion  (.V.I4) 


‘I  X'  "'''■* 


I.T.UI 


Hence  the  lalio  of  ihe  loial  inlet  head  ahove  vapor  piouiiie  at  low  s|H'od  (suhsciipl  II  and  al  ciuisiug 
(subscript  0)  cundilioiis  is 
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riie  .V|/.V^  ciiivci  Ml  riiMMtf  J.'  die  >i#wil  on  llie  c#rln'i  uuuiiipiioii  lliui  t/,  “  tinil  //,  “  |■ol  «  Oxeil 
diKlimuii'  o|>oMM'ii.  'V  ^vlll  litc  ili^liily  itimi  tlw  ciii>‘«»  uliow,  bin  tin'  ilillVioiia'  u  iiMially  leu  tlniii  s  |>ei' 
vein 

Wnli  llio  vMivvi  ill  I  itiiiie  n  ii  now  |iouib|e  10  voiii|i|eii'  iliv  inoveduie  kiI  tiiidiiin  ilio  vitevlllv 
i|>eed  of  u  |iio|uilt|oii  |iimii|>  oinlliieil  in  Sevlion  .<1.  Revall  lliai  iliU  piovoOuiv  iei|nireil  an  esilniaia  of  llie 
Miviion  i|ievinv  a|>eeil  al  crnliinii  upceil  mot  lliis  wav  iioi  easy  lo  make  bevanse  it  is  llie  liW'S|ieei|  voiulilion 
and  not  ilie  vriiislnii  condition  ilial  is  criiicat  willi  ies|iect  10  caviiation.  Tlie  S-iallo  vnives  In  blguie  2.f 
answei  iliis  |irobleoi  because  some  knowledge  of  llie  lUc  in  snclioii  specific  speed  with  decreasing  speed  of 
travel  pernills  a  rational  esiiniate  of  the  suclion  speciOc  sjieed  nmlei  cinise  condllions. 

It  should  he  noted  that  here  the  low  s|*eed  of  travel  I'j  Is  only  indirectly  related  to  the  ''liniiip  sliced,” 
Basically,  I'j  is  simply  the  i/n-tv/  o/  rraiW  nt  wtUch  ;/ie  /i/’o/nr/jor  is  rv/ic'c  /Ci/  in  Miwnilt  til  iikiximiiiii 

s/ieeti  of  rtUitlinn,  or  at  the  same  speed  of  rotation  used  under  cruise  condltli  ns.  There  is  a  strong  tomplallon 
to  specIlV  that  Tj,  so  dellned,  must  he  very  low  In  order  to  acceleraie  the  craft  from  stand  still  to  cruise 
speed  within  a  minimum  lengih  of  time.  The  curves  In  l-igure  23  show  the  effect  of  such  a  siieclflcation  on 
the  design  of  the  propulsion  plant,  l-or  exam|.ile,  assume  that  the  full  spued  of  rotation  Is  specitled  as 
applicable  down  to  onencnth  of  the  ciuise  s|)eed  of  travel.  The  S-ratio  curves  show  that  this  will  call  for  an 
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l  igure  Tolul  Inlet  llejiiJ  (NPSli)  uiiO  Suction  Speci'ic  Specil  as 
a  l  iinclion  of  Speeil  of  I'ravi'l  at  ('onstunt  Speed  ol'  Rotation 


iiKf«4i«  In  kuoiltni  iiwcinc  hv  h  ruviini  b«iw«en  }.$  and  6,  dc|>endlnii  on  ili«  urnlM  i|)»«d  of  ir«v«l, 
Hiine  <h»  mximm  luctlon  «|)«cinv'  i|>««d  li  limitad  by  vavluilon  and  d«ii||n  ouiuldarationi,  lh«  aucliun 
K|n>t.'inc  k|>««d  ai  (.'tnlM*  condllloni  nniai  ho  <|nlio  low  for  ihli  iptcincallon.  Aotfordini  to  BquiUon  (Jl,36), 

II  n  ovidoni  ihal  a  low  \  vain*  will  load  to  a  k'ori««|M)ndin|ly  low  valuo  of  ilio  hailc  iptitlllc  «)>ood  hocanio 
0^  IK  llaod  hy  |tiv«n  o|wrallnfi  condiilont  and  llio  lonoral  iocaihnt  (holtihi)  of  ilio  propnlilon  putnp  ($i'e 
tupiailon  A  low  valuo  of  ri,  ii  known  to  load  lo  an  IncioaM  in  tlio  ilao  and  weitthi  of  iho 

inopnltlon  puntp  and  Hi  dirovlly  couplod  drivof  (|ow<i|>ood  luthlno  or  )toat  hox).  Yhli  dliadvaniajio  of  a  low 
i|W«'ilV'  i|wod  will  alwayi  okUi  roitardloM  of  tho  moatnioi  takoo  to  Inctoato  tho  i|wc<l  of  rotation  (e.g,,  iho 
uio  of  lovotal  pomp  Inlot « /n  too  Soction  .V5)  hovauao  inch  inoaiuioi  can  hv  applied  lo  hiylt  at  well 

at  to  Ittw  iiwclHc  i|wedi,  To  llluiliaio  ihli  fact,  conildor  a  doflniio  example; 

AMumo  that  accoidini  to  Section  2,}  (FI||ure  S)  the  propulior  vehn'lly  ratio  ^171'))  '  0.7,  lint  boon 
aolocled  and  that  the  duct  and  Intake  lott  coelllcleni  hat  been  etlimaied  at  A  0.4.  It  thonid  be  noted  that 
Uieie  teleclioni  (or  eiiimaloil  are  quite  mdependoni  of  the  iireclllc  i|>eed  of  tho  pump,  which  wax  not  cun< 
tidored  in  Section  J.J,  I'urlhermore,  niturno  that  the  velocily'lndependeni  head  valuet  are  Ahi  ••  3S  ft 
and  “  7  ft.  (It  will  be  found  that  moderate  and  reaionable  vaiialloni  in  Atif  and  In  A/ty  have 
very  little  efi'eci  on  the  reiulit  obtained.)  l-hally,  auume  that  the  crulie  i|)eed  1'^  It  00  knolt  or  101.4  ft/ 
tec.  Hence  “  160  ft. 

Accouliim  to  |•\^^lalio^  (.I..IM 

■'S 

I  0.4  ♦  — 

160 

(,  .  ^  - - - - -  a  0.324 

^  H  7 

1 .4  ♦  0.40  >  0.4  +  - 

160 

Tbii  value  obvioutly  uppllei  to  the  cruise  condiliun. 

If  at  this  point,  a  definite  suction  .s|>ecinc  s|wed  is  atmnfU  for  the  cruise  condition,  the  ipociflc  speed 
can  immediately  be  calculated  according  lo  l;quaiion  (3.36).  l-or  e.\ample,  if  a  fairly  cuniervative  suction 
s|>eciflc  siwed  of  0.407  (7000  gal’'^/niln’*^*  ft  ’^'*  In  dimensional  form)  Is  assumed.  Equation  (3.36)  yields; 

rij  “  0,407  .\  0.324’''*  -  0,1745 

or  3000  Bal''^/mln’'^  ft’'’*  In  dimensional  form.  Ibis  Is  a  very  reasonable  value  for  a  propulsion  pump, 
and  calls  for  a  radial  to  mixed-flow  impeller  (see  Figure  13). 

However,  tho  above  assumption  for  the  cruise  suction  speciHc  speed  was  somewhat  arbitrary  and 
requires  hirther  justification  on  the  basis  of  the  low-speed  condition.  A'  this  point  one  must  assume  a  speed 
reductioir  ratio  Two  assumptions  will  be  considered:  0.4  (which  is  reasonable  for  the 

hump  s|)ced  of  a  hydrofoil  cra(t)  and  Fj/F^  *  0.1, 

For  Fj/Fp  "  0.4,  the  60- knot  curve  In  Figure  23  gives  S^|S^  ■  2.3.  For  the  assumed  cruise  suction 
spcciric  speed  of  0,407  (7000  gal''^/min’'^  ft^'^  In  dimensional  form),  the  suction  specific  speed  at  the 
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low  siweil  I'l  «  0.4  Vg  would  he  .V,  ■  ().‘)3(i  ( 16,000  fl  '^^  In  dlinoiutonnl  form)  which  li 

Ititth  hui  mny  he  coniildercd  nv  aci'eptehle  for  an  Impeller  that  U  itlll  fairly  alandard  although  eipcclally 
doilgired.  However,  If  full  i|Kcd  of  rotation  were  apeclOed  down  to  K,  ■  0.10  the  ratio  of  rlw  In 
«uction  iiH'clOc  *|>eed  would  ho  S^IS^  ■  J.IS,  bringing  the  suction  iiwclflc  speed  at  low  speed  of  travel  to  a 
value  ol  .S'l  ■  1.282  (22,000  gal’^^/mlif'^'  In  dimensional  form).  This  would  definitely  retpilre 
either  a  very  siteclal  lm|wller  as  used  in  condonsato  pumps  or  an  “Inducer"  as  used  In  the  rocket  pump 
Held. 


Attention  must  now  he  called  to  the  fact  (Orst  pointed  out  In  Section  VI. 2)  that  high  suction 
s|H'cinc  sjweds  tetpilre  a  different  Inrpollor  Inlet  design  than  do  moderate  suction  s|)eclfic  speeds.  When  a 
punrp  that  Is  designed  for  high  suction  sivrcinc  speed  Is  used  at  a  much  suction  spt'eiDc  speed  (say,  at 
cruise  conditions),  it  may  not  operate  completely  free  of  cavitation  -.fhCif.  s  t  good  pump  designed  for  that 
lower  suction  specific  speed  (say.  .V  •  0,4)  may  rio  so.  rurthermorc  .n.\  sacritlces  In  efficiency  are  also 
entailed  when  a  pump  designed  for  high  suction  S|KcI(Ic  speeds  is  operated  at  very  low  suiMlon  spoclllc 
s|rceds. 


The  foregoing  argument  can  he  given  more  dcllnlte  form  In  terms  of  the  design  flow  coefficient  V 

wt 

ny  using  rigure  IS« 


I’or  .V  “  0,407,  the  optliiuim  design  How  coelDclcnt  Is  0,.^7  (for  a  small  inlet  luih  diameter  ratio), 
l  or  ,V  "  0,‘K16.  the  optimum  design  flow  coefOdont  is  O.ld  and  for  S  ■  1.282.  It  la  0.1 45. 

01  course  one  does  not  have  to  use  exactly  the  optimum  How  coeinclenl.  When  designing  for 
,V^  “  0,407  and  .Vj  ■  O.d.to,  one  may  obtain  acceptable  performance  when  designing  for  and  operating  at  an 
Inicrmediaie  (low  coofncleni.  say,  0,25,  It  is  much  more  problematical  whether  such  a  compromise 

design  will  still  he  acceptable  with  "  0,407  and  «  1.282  In  view  of  the  fact  that  (as  already  Indicated 

in  Section  .VI. 2)  high  suction  sireciHc  S|)oeds  require  thin  leading  vane  edges. 

One  answer  to  this  problem  would  he  to  select  lower  values  lor  both  suction  spcclllc  s|H>eds  and  i'j , 
lor  example,  lot  the  value  0,25  (4.100  gal’^'/mln*^’  ft'^'*  In  dimensional  form)  and.  correspondingly, 
lor  .V|  *■  .1.15  •  .Vp  •*  0,788  (1.1,5.10  gal’^*/min’^‘  It^^**  in  dimensional  (oim).  This  assumes  that  full  speed 
of  rotation  is  required  or  spccincd  down  to  l''|  »  0.10  1'^.  Since  the  optimum  How  coefficient  for  5  »  0.788 
is  about  fV.  *  0,2.1,  a  compromise  value  of  0„10  would  prohehly  be  quite  acceptable.  In  this  case  one 
pa,  i  foi  s|iccirylng  lull  rpm  operation  down  to  *■  0.10  by  an  increase  in  volume  and  weight  of  the 

loiating  propulsion  machinery  approximately  in  the  ratio  0.407/0.25  =  1,6.1,  j.c,,  by  a  60  percent  increase  in 
rotating  machinciy  volume  and  weight.  Although  this  estimate  of  the  increase  is  quite  crude,  some  increase 
is  unavoiduhic,  and,  for  (he  values  used  In  this  example,  this  increase  is  probably  not  negligible  unless  one 
is  concerned  with  cruft  for  very  long  ranges  of  travel  where  the  entire  weight  of  the  propulsion  plant  may  he 
negligible  compoied  to  the  fuel  weight  (see  Section  2..1). 

it  should  be  evident  from  Figure  2.1  that  the  relation  between  the  cruising  and  low-speed  conditions 
rapidly  worsens  as  the  absolute  cruising  speed  is  increased.  The  curves  drawn  for  lire  100-knot  cruising 


(Wii)onii<rit)^  ihlK  Tlitf  io»m)m  Ik  uhvlmuly  iltui  «ltc//.vh/  pail  of  ih«  total  inki  hcait,  i.e., 

A/i^.  Itai  uii  eiTttct  n'hm't'  to  tli«  ctuUo  velocity  lieail  i*l«tlvp  elTect,  therefitre, 

tlcvrcHtcK  rapidly  with  lircreaiiln^  1'^,  TIoit  ilie  prohleiita  }u»ltiied  out  hefore  liicreaic  rapidly  with  Ittcreailng 
ctoUc  speed  ol  travel. 

Tahle  I  repteseirts  an  aitertrpi  to  sittrtitiarl/e  various  coiieluslorts  frorrt  lire  preceding  oxatttpio,  It  ln< 
chtdes  sonre  results  for  a  lOO'knot  cruiie  iiwed;  in  this  case,  the  calcitluiions  are  hated  on  a  uniform  mx/mmi 
iuclion  s|reclfic  speed  tat  ntinlinutn  velocity  s|recllled  t(»  use  rtraximurn  i|>eed  of  rotation)  .Y|  «>  I.OU  (17,170 
jral'^^/tttln'^^  IV''^'*  In  dimensional  form).  In  the  opinion  of  the  anthor,  this  value  It  close  to  the  ma.xltnum 
suctloii  sirecltlc  speed  that  cart  he  used  without  significantly  comprontiilttg  cruise  irerformance  al  low  strctlon 
speclllc  speeds. 

The  Thonta  cavitallon  numher  **  1^'’“  c'alctiluted  for  both  crultirtg  velocities  according  to 

lupiutiort  (.I,.I5).  The  opilnutm  desigtt  Ilow  coefficient  ''orresponOitrg  lo  an  ustunted  maximum  value  of 

1.0  is  read  froitt  I'lgure  15  attd  listed  for  comiratlsoi'  purposes  utrly  since  it  Is  not  expected  to  be  used 
In  the  actual  design. 

The  Soatlo  curves  In  I'lgure  2.^,  Inpiallons  (.\.40)  and  (3.41)  give  the  ratio  of  the  assumed  maximum 
suction  siwclllc  speed  .Y|  “  1 .0  ( 1 7,200  gul’'^*/trdn'^^^  ft^^"*)  to  the  suction  spcclllc  speed  at  cruise  con¬ 
ditions.  This  ratio  leads  to  various  cruise  suction  s|recific  speeds  under  the  assumptiun  that  (^|  ■  and 
//|  "  //^  (also  rt|  *  rt^).  This  assumption  of  similar  Ilow  at  cruise  and  low-speed  condlllotrs  rc(|uires  thal  the 
discharge  oitening  he  slightly  udjustahle.  rite  optimum  How  coefficients  for  these  (lower)  .suction  specific 
sjreods  are  listed  as  road  from  Figure  15.  A  comparison  of  these  Ilow  coefficients  with  the  uptinnmt  flow 
cocfficletil  for  ,V,  "  1.0  “  0.18)  permits  compromise  Ilow  cocfficicnis  lo  be  estimated  for  the 

various  cotidiiions  listed.  The  comproiniso  values  are  estimated  from  the  corresponding  suction  head  cu- 
el'ficlonls  ^  as  will  be  shown  in  .Section  .1.4.  As  mrmlioncd  before,  the  compromise  flow 

coofneicnis  determine  the  design  us  well  us  the  o|)eruting  conditions  and  so  no  "off-desIgn"  operation  is  im¬ 
plied.  One  merely  does  not  design  or  o|icratc  uccorditrg  to  the  optimum  conditions  relative  to  cavitation 
since  two  widely  differing  conditions  (suction  specific  speeds)  have  to  be  met. 

Furthermore,  according  lo  Fquution  (.1.36),  the  cruise  values  of  the  Thomu  cavitation  number  = 

IH  and  the  cruise  suction  speclllc  s|K'eds  permit  the  calculation  of  the  basic  spcciRc  speed  which  applies 
c 

to  the  cruise  as  well  us  to  the  low-spccd-of-travcl  condition  because  of  the  assumed  similarity  of  flow  in  the 
pump.  It  thus  determines,  after  certain  “design  choices,”  the  design  of  the  propulsion  pump,  us  will  be 
illustrated  In  Section  3.4. 

Most  of  the  specific  speeds  permit  the  use  of  single-stage,  mixed-flow  or  radial-flow  centrifugal  pumps, 
with  the  exception  of  tlfe  100-knot  propulsion  plant  specified  to  permit  full  speed  of  rotation  down  to  one- 
tenth  of  cruising  speed  of  travel.  The  resulting  low  specific  speed  can  still  be  met  by  a  single-stage  centri¬ 
fugal  pump  but  not  without  some  sacrifices  in  efficiency  (about  5  percent).  The  extent  to  which  a  two- 
stage  arrangement  would  avoid  this  loss  by  virtue  of  a  more  favorable  specific  speed  per  stage  is  uncertain. 

The  staging  of  radial-flow  pumps  also  involves  some  losses  in  cfficienc}'. 
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TABIB  1  1‘ROPULSION  SYSTEM  CHARACTERISTICS  AT  TWO  SHIP  SPEEDS 

(Aiiuinpittmi:  propuUton  velocity  rtiio  ^I^K.  "  (Section  2,2); 

«nU  vlui'i'luM  cotfl'llcitfin  K  •  0.40.  •  .^2  ft  at  frae  water  surface;  ■  AAy  ■  7  ft, 

ilnitle  stajitf  exi'epl  where  noted,  single  flow  In  paratlol), 
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1  CiPiM  Spaeil  ol  Ttavtl 
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t 

CavitAiiiHi  N(imti*i  U^JII 

0.3?4 

0  285 

At  ciuiia  conditions 

•i 

Miniiittim  Spaert  al  Ma.lmdm 

S|>en(i  ol  Rolallnii 

0  4 

O.t 

0.4 

0,1 

Section  2.1  and  Figure  21 

,1 

Suriioii  Siwrllic  Snaait  Ratio 

1313 

3.16 

2  99 

5.84 

Equations  3.40  and  3,41 

,v,/,v 

Figure  23 

A 

Afiiiinod  MaKiiDum  .V  Value 

1.00 

1.00 

1.00 

1.00 

17,170  pal'^^/min^'^  If’^^ 

In  dimensional  form 

b 

Uiuitoum  Flow  O.oaKicient  1'^ 
at  Minimum  Vet(M:ilv  ol  ' 

0.1R 

0.18 

0.18 

o.ts 

.'■iteiu.  i6 

Tiavel 

(i 

Ciuue  Suction  Spncitie  Speed  .V^, 

0440 

0.3166 

0,346 

0. 1 7 1 3 

L>n«i  S  and  4  above 

/ 

Uiineniinnal  Value  ol  .V^ 

7,640 

5.44S 

6,950 

1,947 

E*4v>8tiun  (3. 18) 

R 

Optitnum  Flow  Coelliclent  1'  /(' 

nt  1 

036 

0.42 

0.40 

>0.60 

Figure  15 

9 

('.oinptomise  Flow  roettleieni 

0  22 

0.23 

0.23 

doubtiul 

See  Section  3.4 
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Heuc  S|)eci(it;  Sfwnri 

0  1888 

0.1356 

0.1361 

0.0668 

Equation  (3.36) 

Lines  1  and  6 

11 

Oiineniionel  Value  ol 

3,248 

2,. 335 

2,312 

1,149 

1? 

Desiqn  Conclujion 

1  St.  Mix,* 

1  St.  Rad.** 

1  St.  Rad.** 

Equation  (3.16)  and  Figure  13 

1,1 

Volumif  end  Weight  Ratio 

»  (0.41 

n,(0.4) 

0. 1  veiins  0.4 

1.39 
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n^(O.I) 

n,(0.1) 

S'ii(|Ih  KiAgp  Kovv  IcodlH  he  fwn  three  st.iqe  Mow.  see  Figure  19^ 
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Siople  oi  iwnsteQP  rHdiel  Mow  or  mulMsteqe  «ooel  Mow 
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bhfi 


.-liiilMi 


Finally,  the  increase  in  volume  and  weight  of  the  directly  coupled  rotating  machinery  is  estimated  for 
the  step  from  0.4  to  0.1  for  the  speed  ratio  specified  to  be  achievable  at  full  speed  of  rotation.  It  is  seen 
that  this  increase  is  quite  considerable  for  the  100-knot  cruising  speed. 

Thus  it  should  be  apparent  that  after  certain  “design  choices”  have  lieen  made  the  operating  conditions 
of  a  propulsion  pump  are  sufficient  to  determine  its  basic  specific  speei  iiid  therefore  its  design.  (The  design 
choices  and  the  design  process  will  be  discussed  in  the  next  section.)  To  determine  the  specific  speed,  it  is 
necessary  to  select  a  maximum  suction  specific  speed  for  the  minimum  speed  of  travel  for  which  full  speed 
of  rotation  is  required.  The  maximum  suction  specific  speed  that  is  usable  for  this  application  is  limited 
because  he  same  pump  has  to  operate  at  high  suction  specific  speeds  temporarily  and  at  low  suction  specific 
speeds  for  extended  periods  of  time.  These  two  conditions  become  incompatible  if  the  particular  maximum 
suction  specific  speed  exceeds  certain  limits.  The  lower  the  minimum  speed  of  travel  for  which  operation  at 
maximum  speed  of  rotation  is  specified,  the  more  severe  is  this  conflict. 

3.4  PROPULSION  PUMP  DESIGN,  SINGLE 
SUCTION 

With  the  specific  speed  of  the  propulsion  pump  determined  according  to  Section  3.3  and  Table  1,  one 
is  now  in  a  position  to  determine  the  design  of  the  pump  according  to  Section  3.1,  in  particular  Equations 
(3.16)  and  (3.22).  The  basic  specific  speed  is 


and  the  suction  specific  speed  is 


(3.22) 


Other  equivalent  relations  between  the  specific  S|iccds  and  various  design  parameters  will  be  used  and  derived 
later  in  this  section. 

The  design  process  will  be  illustrated  by  means  of  the  example  given  in  Table  1,  particularly  tlie  values 
in  the  second  and  third  column:  60  knots  with  f'l/^c  ”  ®  *  knots  with  “  0.4.  Accordingly, 

the  maximum  suction  specific  speed  is  assumed  to  be  =  1.0  (17,170  gal’^^/min^^^  ft^^^)  and  the  basic 
specific  speed  =  0.135  which  is  the  same  for  cruise  and  low-speed  onditions. 

Tiie  estimated  compromise  flow  coefficient  lU^  is  determined  from  the  maximum  suction  specific 
speed  5^  =  1.0  according  to  Equation  (3.22).  The  suction  licad  coeltlcient  *  is  calculated  for  a 
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number  of  estimated  flow  coefficients.  Assuming  DjDj  =  0.3,  so  tJiat  1  -  =  0.91,  one  finds  the 

following  values  for  ^  and  jU. . 


'  lu. 

0.27 

1.99 

0.25 

2.205 

0.23 

2.464 

0.22 

2.610 

0.18 

3.44 

2 

i 


From  these  results,  lU.  =  0.23  was  selected  as  the  design  flow  coefficient.  This  coefficient  should  be  as 
high  as  possible  in  order  to  have  acceptable  performance  at  cruise  speed.  Yet  at  low  speed  ^ 

cannot  be  so  low  as  to  render  questionable  the  required  maximum  suction  specific  speed.  There  is  no  exact 
Mwv  to  make  this  selection,  and  its  adequacy  must  ultimately  be  verified  or  refuted  by  cavitation  tests. 

For  a  basic  specific  speed  of  0.135  (2320  gal'^^/min^^^  ft^'^^  in  dimensional  form),  a  head  coefficient 
Ig^HlUff  =  1.0  should  lead  to  good  efficiency;  this  is  an  empirical  fact  that  cannot  be  substantiated  theo¬ 
retically.  With  this  value  and  jU.  =  0.23,  D^jD.  =  0.3,  Equation  (3.16)  gives  DqID^  =  1.37. 

i 

Since  the  maximum  suction  specific  speed  is  fairly  high  and  the  selected  flow  coefficient  correspondingly 
low,  it  is  well  to  check  the  resulting  retardation  of  the  relative  flow  along  the  outer  shroud  of  the  impeller 
(see  Section  3.1.3).  To  simplify  this  calculation,  the  retardation  will  be  judged  by  the  retardation  of  the 
peripheral  component  of  the  relative  velocity  inasmuch  as  the  exact  lower  limit  for  the  retardation  ratio 
Wj/wj  is  unknown. 

For  zero  rotation  of  the  absolute  flow  at  the  impeller  inlet,  the  peripheral  component  of  the  relative 
inlet  velocity  is  w,,  *  -  U,.  At  the  discharge,  this  component  is: 

For  zero  rotation  at  the  inlet,  Ig^Hll/Q  =  2ti^  /Uq  (according  to  the  Euler  equation  (3.9)). 
Assuming  r}^  =  0.92  and  using  2gQHIU^  =  1,  one  finds  IUq  =  0.544  and  -  Uq  (0.544  -  1)  =  - 
0.456  (/(,.  Hence 


0.456  Uq  Dq 

-  s  -  »  0,456  - -  0.456  x  1.37  =  0.624 

V,  D, 

This  may  be  considered  as  dangerously  low  because  existing  knowledge  on  radial-  or  mixed-flow  impellers  is 
inferior  to  that  on  axial-flow  impellers.  With  radial  impellers  therefore,  it  is  prudent  to  use  more  con¬ 
servative  (i.e.,  higher)  values  for  minimum  of  0.60, 
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The  impeller  diameter  at  the  outer  shroud  may  well  be  selected  to  be  larger  than  the  minimum  outside 


diameter  Dq.  Assuming  Dq 


=  1 .45  D,,  one  finds  by  the  same  reasoning  as  used  above  that  w„  lw„  = 

,  "o  ‘'z 

0.746.  This  appears  to  be  safe.  (In  checking  this  calculation,  consider  that  Ig^HlUrT  =  0.893  and  that 

“mux 

/i/,,  at  the  outer  shroud  is  0.485.) 

“O  “ 

In  this  connection  it  is  well  to  determine  the  number  of  impeller  vanes  from  the  vane  lift  coefficient 
(C^)  according  to  Equation  (3.31).  For  zero  prerotation,  this  equation  has  the  form: 


'0 

—  =2 


^0 

Nf 


where  N  is  the  number  of  vanes  and  is  the  mean  relative  velocity.  (Subscript  0  refers  to  the  outside 
diameter  and  replaces  subscript  2  in  Equation  (3.31).) 

Assuming  =  i,  2/3,  f  =  DJ2,  one  finds  A  =  8ir/3  =  8.37;  this  means  that  the  number 

of  vanes  should  not  be  less  than  8,  nor  does  it  need  to  be  larger  than  9.  The  assumption  of  =  1 .2  would 
lead  to  A  =  7. 

The  axial  width  of  the  impeller  at  its  outer  periphery  can  be  determined  by  the  condition  of 
continuity: 

X  TtD^b^  =  V_  -  I  1  -  - 


„  X  TtDnbn  =  FL 
/r?Q  U  U  m. 


/ 

- 1' 


A- 


It  is  common  practice  with  radial-flow  pump  impellers  to  retard  the  meridional  flow  so  that  V  <  K 


Assuming 


Dn 


1 


1 


0.667 


4  X  1.876 


X  0.91  =  0.182 


The  ratios  /A.  =  1.37,  ID.  =  1.45,  6q/A„  =  0.182  and  the  assumed  hub  ratio  A. /A. 

“min  “max  “min 

=  0.3  determine  the  impeller  profile  so  far  as  the  suction  specific  speed  and  the  basic  specific  speed  permit 
this  determination.  Beyond  that,  the  impeller  profile  depends  on  the  direction  in  which  the  flow  is  to  be 
guided  after  it  leaves  the  impeller. 

The  “design  decision”  to  be  made  for  propulsion  pumps  at  this  point  is  the  direction  of  the  propelling 
jet  in  relation  to  the  direction  of  the  axis  of  rotation.  If  the  propelling  jet  is  to  have  the  same  direction  as 
and  be  coaxial  with  the  axis  of  rotation,  the  most  natural  design  is  that  shown  in  Figure  24.  Furthermore, 
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Figure  24  -  Radial-Flow  Propulsion  Pump  with  Axial  Discharge 


the  direction  of  the  jet  is  to  be  the  same  as  that  of  the  flow  entering  the  impeller.  This  arrangement  is 
familiar  from  common  aircraft  jet  engine  practice.  In  this  case  the  driving  shaft  must  enter  througli  the  in¬ 
let  passages  of  the  pump.  The  passage  leading  from  the  impeller  to  the  discharge  nozzle  is  a  multipassage 
vane  or  duct  system  arranged  in  an  axially  symmetric  fashion.  The  inlet  passage  must  have  changing 
directions,  usually  S-shaped,  in  order  to  avoid  interference  with  the  axially  concentric  driver  in  front  of  the 
pump  inlet.  Note  that  with  this  arrangement,  the  flow  leaving  the  impeller  does  not  need  to  be  retarded  in 
the  passages  leading  to  the  discharge  nozzle.  In  this  respect  a  propulsion  pump  of  this  arrangement  is  quite 
different  from  standard  pumps  intended  to  generate  a  pressure  increase.  The  propulsion  pump  should  there¬ 
by  have  an  efficiency  advantage  over  standard  pumps  since  retardation  of  the  flow  is  usually  connected  with 
losses.  However,  attention  must  be  paid  to  the  length  and  curvature  of  the  passages  between  the  impeller 
and  the  discharge  nozzle  in  order  to  minimize  head  losses  in  these  passages. 

A  different  arrangement  is  indicated  when  a  so-called  'Volute”  casing  is  used  at  the  impeller  discharge 
as  shown  in  Figure  18  and  on  the  left  side  of  Figure  19.  In  this  case  the  preferred  direction  of  discharge 
would  be  at  right  angles  to  the  axis  of  rotation,  preserving  to  some  extent  the  circumferential  component  of 
the  flow  leaving  the  impeller.  Figure  25  shows  this  arrangement  for  the  propulsion  pump  considered  here. 
The  maximum  radial  cross  section  of  the  volute,  sometimes  called  the  “throat"  area  is  calculated  as 
follows:  Evidently 


0/  (  K  \ 


(.^.42) 


where  is  the  average  fiuid  velocity  in  the  throat.  By  the  law  of  constant  angular  momentum, 

X  Here  is  twice  the  average  distance  of  the  throat  area  front  the  axis  of  rotation.  Hence: 


~  ^  \~  D?) 


(3.43) 


However  for  zero  rotation  of  the  absolute  flow  at  the  impeller  inlet,  one  finds  from  the  Euler  equation  (3.9): 


2^/ 


(3.44) 


Substituting  this,  with  VJUq  ■  DJDq,  into  Equation  (3.43): 


■f/i 


f)/  tr/4 


D. 


th 


Da 


2r?> 


2g^H  U, 


Da 


(3.45) 


With  T)^  *  0.92,  2g^HIU^  =  1.  V^fU,  -  0.23,  D^ID.  =  1.37,  and  -  0.3.  one  obtains: 
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Hvidently  the  jet  area  Aj  is  smaller  ihati  llie  Ihrti 'i  area  nl  a  (siiiglel  voluie  ;  iiil  AJ  =  (1. 1 ,175/(1.4,0) 
0.315. 
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inli  i  diainoiei  til  the  ladial  Ilnw  |nnii|i.  Mio  rirsi-siuge  ini|H.'llei  inlet  lias  the  sa  ne  luih-tti-tip  diunieier  ratio 
as  assumed  pievinnsly  t/l^//>  “  The  llisl-stage  tnnsellet  discharge  hub-to-iip  ratio !s 

the  same  as  l\n  the  fcmaining  axial  stages.  I'lie  llrsi  task  is  to  deiaimliie  this  increased  hub-io-tip  diameter 
ratio  and  the  numhei  ttl  stages, 

riie  hnh-lo-iip  diameter  ratio  will  llrst  be  eslimiited  under  the  assumption  that  the 

substripi  2  a|>plies  to  the  discharge  of  the  first  stage  and  inlet  as  well  as  the  discharge  of  all  following  vane 
systems. 

hvidenily,  by  continuity, 


6M 


(I*utn(’.  casinv  .iiul  nu//k’  r\>tutul)k’^ 
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.  W-II  I  I  ■!»»  I  I  •^w*«ww  I  I  '  J"'  I 

•»  \  /.,'  /  •»  \  /),,'  / 


wlvffp  n  imul  be  lecoiinUeU  (hui  “  /),  ^  cttiitdini  unU  "  cuiulurU,  With  ^ <*<*  1'*^’ 


Uur)  mul  -  0  50,  -  0.„'.V(»,50  «  U,4(>  { I  l\^^H\{)H  I  ' 

^  0,5^  -  (M)'>  «iul  I  -’  0.‘>l.  iiiul  heiuo.  I  '•  0,*4I8S  uiiil  *  O.'bi. 

U  ilu'  oMinher  nl  Mujies  U  vlesi(in«leil  In  A',  ihe  lio»ul  |H,'t  Majie  Is  obviously  //,  “  HIN,  ll  will  now  be 
.issumoil  ilul  ibe  beml  coolTidenl  \j/  “  bus  ibe  s.in>e  value  (l,e.,  1,0)  us  ussunieil  previously  for  the 

ruilial-now  Impellei  ut  lis  miniinum  ouisble  dlameb'i,  provIdeo  \ji  Is  evuluated  at  Ibe  root  dlantcier  of  the  Im- 
pt'IU'i  discburne,  l,e,, 


Then 


* 


=*  !,0 


llonci; 


( 


(A. 


'rud 


2/!o«/A' 


U. 


The  subscript  lad  refers  to  the  previously  described  radial-flow  pinp.  (onsider  that  ^''uxIhI 


,V  = 


"l.ul 


rud 

1 

II 

”  1.37  1 

U. 

„  Vud 

fA 

'h 

O.7625J 

2 


=  3.23 


Assuntinn  N  “  3,  the  head  coefficient  \jj  at  the  discharge  root  diameter  of  the  axial  stages  would  be 


U. 


U, 


^«rad  1 

N 


3.23 


=  1.076 


However,  (2^„////V  )  =  1  076  =  2  (A  /(/,  ).  Assuming  r,^  =  0.90, 

h 


ak. 


t/. 


1.076 

1.8 


=  0.598 
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ThM  vtiluc,  tajioUwr  with  ///„  »  0,5  or  tV^  ■  (T^,  /(/„)  x  (i'jOf,  )  “  0.656,  dcicrmlnes  the  .out 

i  7  h  i  3 

velocliy  Ultryrtini  iii  shown  In  i’ltiuit  51  under  the  ussumptlon  of  xoro  rotation  ol'  the  absolute  How  ut  the 

runner  Inlet.  Tills  diaiirain  shows  that  the  retardation  ratio  of  the  relative  How  throuKh  the  runner  Is 

u'^  /u'l  ■■  0.642  ul  the  root  section  (suliscript  whicit  is  acceptable,  Tlie  retardation  In  the  stator  vane 
h  h 

system  (returninu  flow  ti>  the  n.xlol  direction)  is  I'  ll\  ■  0.747  which  is  more  conservative.  The  fore- 

"'2  'h 

golny,  assumption  of  the  flow  coefflclent  ■  0.50  with  the  resulting  hub-to-tip  diameter  ratio  of 

0.7625  (except  at  the  Inlet  to  the  llrst  stage)  and  three  stages  has  therefore  lead  to  n  satisfactory  result.  Of 

course,  those  assumptions  cun  be  altered.  Fur  example,  a  hub-tudlp  diameter  ratio  slightly  larger  than 

0,7h25  would  reduce  the  heud  coefficient  d/  and  thereby  A  I'  lU^  .  This  would  give  u  more  conservative 

“2/, 

reiardatiun  of  the  How.  Alternately  a  ''sytnmetricur'  velocity  diagram  us  shown  in  Figure  32  could  have  been 
selected.  This  would  uImi  lead  to  a  (slightly)  more  conservative  retardation  ratio  (0.661).  Retardation  in  the 
stator  would  also  ho  0.661. 

The  outlines  of  the  rudiuMlow  pum|is  jircvluusly  calculated  and  shown  in  Figures  24  and  25  are 
liidicuted  on  Figure  30  by  dashed  lines.  It  is  fairly  evident  that  without  being  longer  than  the  radial-flow 
pump  with  axial  discharge,  the  three  stage,  axiul-llow  pump  is  considerably  smaller  in  diameter  than  the 
rudial-flow  machines  designed  for  the  same  operating  conditions.  Thus  the  multistage,  axial-flow  pump  is 
probably  lighter  than  corresponding  radial-flow  machines,  and  this  may  be  ol  considerable  value  in  the 
propulsion  field.  I  bis  advantage  would  be  lost  to  a  large  extent  if  discharge  is  desired  at  a  right  angle  to  the 
shaft.  Furthermore,  one  cannot  as.sum<'  that  the  smaller  axial-flow  pump  would  be  less  expensive  than 
radial-tlow  machines  because  the  former  requires  a  mucli  larger  number  of  blades,  and  these  must  be 
macliined  or  otherwise  manufactured  to  a  high  degree  of  precision.  On  the  other  hand,  the  advantage  of 
useful  operating  ranges  usually  claimed  for  tlie  radial-flow  machine  (at  constant  speed  of  rotation)  is  probably 
less  important  in  the  marii  c  propulsion  field  than  in  other  fields  since  propulsion  pumps  usually  do  not  have 
to  operate  very  far  away  from  tlieir  design  conditions.  It  does  appear  that  the  multistage  axial-flow  pump 
requires  serious  consideration  (I  )  because  of  its  lower  weight  and  size  (for  the  same  performance  and 
specific  speed),  (2)  because  of  the  relative  simplicity  and  resulting  reliability  of  its  casing  construction,  and 
(3)  because  existing  knowledge  on  axiai-llow  machines  is  more  dependable  than  the  predominantly  empirical 
knowledge  in  the  radial-flow  field.  However,  this  better  knowledge  exists  primarily  in  the  aerospace  industry 
rather  than  in  the  commercial  pump  field. 

Axial-flow  pumps  may  also  be  used  with  a  vertical  shaft  although  this  arrangement  does  not  appear  to 
be  as  natural  as  the  vertical  shaft  arrangement  of  volute  pumps.  In  this  case  one  might  use  a  (rot'^rs’ble) 

90  deg  vane  elbow  at  the  discharge  end  of  the  pump,  and  have  the  drive  shaft  pass  through  this  elbow.  Al¬ 
ternately.  the  discharge  from  the  last  stage  could  be  collected  in  a  (rotatable)  volute  casing  which  would  be 
fairly  large,  thus  negating  much  of  the  size  advantage  of  axial-flow  pumps. 

The  foregoing  design  considerations  have  been  carried  out  largely  on  the  basis  of  one  particular 
opocifle  speed  required  for  the  propulsion  pump.  It  is  hoped  that  these  considerations  are  sufficiently  broad 
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AVu2,  /Ua^  ”  0-598 


Figure  31  -  Root  Velocity  Diagram  of  Axial-Flow 
Stages  Except  First 


0.598 


Figure  33  Symiiietrical  Root  Velocity  Diagram  of 
Axial-Flow  Stages 
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to  permit  the  design  of  propulsion  pumps  of  different  specific  speeds  so  long  as  the  specific  speed  does  not 
depart  too  radically  from  the  range  covered  by  this  presentation.  It  is  therefore  appropriate  to  investigate 
briefly  the  range  of  specific  speeds  that  are  likely  to  be  encountered  in  the  marine  propulsion  field. 

The  primary  variable  appears  to  be  the  Thoma  parameter: 


Recall  that  according  to  Chapter  2  (Figures  4  and  5),  AF/Fq  and  K  are  very  closely  related  for  optimum 
conditions  and  that  —  Ah.  and  Ahj  (elevation  of  inlet  and  discharge  of  the  propulsion  pump)  change 
very  little  compared  with  V^|2g^^.  Thus  it  should  be  possible  to  represent  as  a  function  of  AF/Fq  and 
Fq  (the  speed  of  travel).  This  evaluation  of  Equation  (3.35)  was  carried  out  (see  Figure  33)  for  an  intake 
drag  coefficient  of  Kj.  =  0,05  and  the  following  assumption  about  the  relationship  between  AF/Fq  and  K 
(based  on  Figure  5  in  Section  2.2: 


AF/Fo 

K 

0.5 

0.1 

0.6 

0.2 

0.7 

0.3 

0.8 

0.4 

0.9 

0.5 

1.0 

0.6 

The  relationship  between  (7^  and  the  specific  speed  is  given  by  Equation  (3.36): 


"r  =  X  =  5,  o„  (3.36) 

c  1 

The  relation  between  and  was  discussed  in  Section  3.3  and  presented  by  Equations  (3.40)  and 
(3.41)  as  well  as  Figure  23.  For  a  low-speed  to  cruise-speed  ratio  Fj/F^  of  one-tenth  the  suction  specific 
speed  ratio,  ranges  from  3  (at  slightly  less  than  60  knots)  to  6  (at  slightly  over  100  knots).  At  a 
speed  ratio  Fj/F^  =  0.4,  the  ratio  S^IS^  ranges  from  2  to  3  with  varying  speed  of  travel.  Thus  the  total 
range  of  S^lS^  to  be  considered  is  from  2  to  6;  however,  the  most  probable  range  of  this  variable  is  much 
smaller.  A  range  from  2.5  to  5  was  assumed,  with  a  mean  value  of  3.5. 

For  the  maximum  suction  specific  speed  5j,  the  same  value  of  1  (17,170  gal*^^/min^^^  ft^^^  in 
dimensional  form)  was  assumed  as  before.  A  different  value  can  easily  be  taken  into  account  since  the 
resulting  specific  speed  is  proportional  to  the  value  assumed  for  .Vj .  With  the  aforementioned  range  of  the 
suction  specific  speed  ratios  S^jS^,  the  range  for  is  from  0.2  to  0.4,  with  a  mean  value  of  0.286. 
Equation  (3.36)  then  determines  the  basic  specific  speed  n^. 
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The  busic  specific  speeds  so  obtained  are  also  plotted  in  Figure  33  as  a  function  of 
However,  it  is  not  necessary  to  read  the  value  since  one  can  go  directly  from  the  ^V/Vq  versus  the 
curves  to  the  versus  curves  as  indicated.  Thus  one  can  directly  relate  the  range  of  AK/Fq  to  a 
corresponding  range  in  basic  specific  speed.  Although  extreme  conditions  have  been  excluded,  it  is  never¬ 
theless  evident  that  tlie  resulting  range  in  basic  specific  speed  is  quite  considerable.  At  the  high  specific- 
speed  end,  it  approaches  the  area  of  single-stage,  axial-flow  machines  with  high  hub-to-tip  diameter  ratios  at 
the  discharge  side,  similar  to  the  first  stage  of  the  pump  shown  in  Figure  30.  At  the  low-speed  end  (n^  = 
O.O.S),  it  touches  the  area  of  multistage,  axial-flow  pumps,  or  single-  to  two-stage,  radial-flow  pumps,  or  a 
combination  of  axial  stages  with  one  radial  stage.  The  intermediate  range  of  basic  specific  speeds  is  covered 
by  Figures  24,  25,  and  30. 

It  must  be  remembered  that  Figure  33  does  not  by  any  means  cover  all  possible  design  conditions. 

This  will  be  illustrated  by  comparison  with  the  design  examples  given  in  Table  1,.  In  that  table  the  propulsor 
velocity  ratio  A  =  0,7  was  coupled  with  a  duct-loss  coefficient  K  =  0.4  whereas  in  Figure  33  the  ratio 
A  P'/Fq  =  0.7  was  coupled  with  K  =  0.3.  Both  assumptions  are  justifiable,  but  the  difference  in  the  results 
derived  under  these  two  assumptions  is  not  entirely  negligible.  As  noted  in  Figure  33,  Aa^  is  the  difference 
in  between  results  for  K  =  0.3  and  0.4  (the  lower  applies  to  A”  ==  0.4).  The  corresponding  difference 
in  basic  specific  speed  A/;^  is  about  100  gal*^'/min^^^  ft^^'*  in  dimensional  form;  this  is  not  major  but 
neither  is  it  completely  negligible.  Other  variations  should  be  considered:  the  most  important  is  a  variation 
in  the  maximum  suction  specific  speed  5|.  Higher  values  than  Sj  =  1.0  (17.170  gal’^'/min^'*^  ft^^"*)  should 
certainly  be  considered  and  may  be  found  feasible.  All  basic  specific  speeds  could  then  be  increased  pro¬ 
portionally  to  5|.  On  the  other  hand,  lower  values  may  be  found  desirable  to  ensure  long  life  relative  to 
cavitation  damage.  A  maximum  suction  specific  speed  of  .5|  =  1.0  is  iiiorcly  a  convenient  and  plausible 
reference  value  which  the  author  believes  is  not  too  far  from  a  practical  maximum. 

The  last  consideration  to  be  briefly  discussed  in  this  section  is  the  relation  between  the  speed  of 
rotation  (or  specific  speed)  and  the  volume  and  weight  of  a  pump.  This  relation  is  essential  in  order  to 
justify  the  contention  that  the  specific  speed  should  be  chosen  as  higli  as  possible  for  reasons  of  weight  (and 
volume).  In  this  consideration,  weight  and  volume  will  be  treated  as  proportional  to  each  other;  mass 
density,  including  that  of  the  fluid,  will  be  ass  iiiicd  constant  although  the  actual  relation  between  weight 
and  volume  must  be  pressure  dependent. 

It  has  been  shown^  that  for  dimensional  reasons,  the  weight  W  of  a  rotating  machine  is  in  first  approxi¬ 
mation  proportional  to  the  shaft  torque  M,  i.e., 

IJ-'  =  constant  M  (3.48) 

where  the  constant  of  proportionality  has  the  dimension:  weight  per  unit  volume  divided  by  stress  [(FlL^) 

-  l//.j,  which  renders  Equation  (3.48)  dimensionally  (and  physically)  consistent.  ''  is  realized  that 
such  consistency  alone  does  not  prove  general  validity,  but  it  h  sufficient  for  the  following  comparisons. 
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Consider  the  case  of  a  rotating  and  torque-transmitting  shaft  of  diameter  D  and  length  L,  Its  volume 
is  obviously  proportional  to  and  its  weight  11'=  constant  wD^L,  where  w  is  the  weight  per  unit 
volume.  The  torque  is  M  =  constant  T  ,  where  t  is  the  shear  stress. 

Assuming  geometric  similarity,  so  that  L  =  constant  x  D,  then,  H'  =  constant,  w  D^.  With  M  =  constant 
K  r  \  d\  one  finds 

W  =  constant  (w/t)  Af  (-^.49) 

which  agrees  with  Equation  (3.48). 

If,  on  the  other  hand,  one  assumes  /.  =  constant  (changes  in  diameter  only),  then; 

h'  =  constant  (3.50) 

where  the  constant  of  proportionality  is  dimensionally  quite  complex. 

Since  for  the  same  power  M  \  it  =  constant  (n  is  the  speed  of  rotation),  one  derives  from  Equations 
(3.48)  and  (3.49); 

constant 

H'=  -  (3.51) 

n 

whereas  from  Equation  (3.50); 


11'  = 


constant 


(3.52) 


In  the  case  of  radial-flow  pumps,  it  is  evident  that  for  the  same  head  and  the  same  peripheral  velocity 
(d/(j),  the  impeller  diame'er  is  Z)  =  constant/w.  However,  the  overall  pump  diameter  is  rot  proportional 
to  the  impeller  diameter  since  the  passages  outside  the  impeller  have  approximately  constant  dimensions  (AD 
and  axial  width  b).  The  volume  and  weight  of  the  pump  is  1^=  constant  (D  +  AD)^h  where  b  and  AD  are 
constants.  Hence; 


W  (D+AD)~  f  ^  +  AZ)  V 

^0  (£»o  +  AD)^  L^o  ^  Dq  +  AD  , 

where  the  subscript  ()  denotes  a  reference  case  with  which  other  cases  can  be  compared.  Let  this  reference 
case  be  characterized  by  D^  =  AD,  i.e.,  the  case  where  the  casing  has  about  twice  the  diameter  of  the  im¬ 
peller.  This  case  will  be  the  definition  of  It'd,  approximately  represented  by  Figure  25  where  =  0.I3S. 
With  Dq  =  Ad,  the  above  expression  for  the  weight  ratio  assumes  the  form; 


For  the  same  head  and  capacity;  D/D^^  = 


Hence 
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w 


I 

4 


^"s 


+  1 


(3.53) 


The  evaluation  of  this  equation  is  presented  in  Figure  34. 

For  purposes  of  comparison,  Figure  34  also  shows  in  broken  lines  the  similarity  relation  constant/ 
corresponding  to  Equations  (3.48)  and  (3.51).  Note  that  the  law  derived  here  for  radial-flow  pumps 
(Equation  (3.53))  agrees  with  the  simple  similarity  relation  from  n,/ir  =  0.5  to  2  about  as  closely  as  the 

S  Sq 

assumed  law  (or  any  other  law)  can  possibly  be  expected  to  agree  with  reality.  The  assumed  relation  for 
radial-flow  pumps,  Equation  (3.53)  and  Figure  34,  is  therefore  considered  as  a  confirmation  of  the  similarity 
relation  li^  =  constant/zt^. 

The  last  approximation  to  be  considered  is  the  effect  of  speed  of  rotation  on  weight,  assuming  that  the 
variation  in  speed  of  rotation  or  specific  speed  is  achieved  by  a  change  in  the  number  of  stages.  This  con¬ 
sideration  obviously  applies  to  pumps  of  the  type  shown  in  Figure  30.  The  weight  of  the  pump  is  divided 
into  two  parts:  (1)  proportional  to  the  number  of  stages  N,  i.e,,  -  constant  N.  and  (2)  the  inlet 

and  discharge  part  which  is  independent  of  the  revolutions  per  second  and  the  number  of  stages.  The 
reference  condition,  described  by  subscript  0  and  depicted  approximately  in  Figure  30,  is  characterized  by 
Wa  -  Wfj.  In  other  words,  at  this  specific  speed  (n^  ),  the  head  and  the  part  of  the  weight  {W^)  that  is 
independent  of  the  number  of  stages  is  equal  to  the  speed  and  the  part  of  the  weight  (IV^  =  A'  h''j)  that  is 
dependent  on  the  number  of  stages.  With  N  stages.  W  ~  N  x  where  IVj  and  are  constants. 

However,  for  the  same  diameter  and  stage-head  coefficient  (i/tj  =  2g^.^H^Hj'^),  N  x  n~  =  constant  x  H  = 
constant.  Heme  N  =  constant/// ■  and  =  constant///^. 

Thus,  with  respect  to  the  reference  weight  W^f. 


IE 

K 


(E^  (I  +  VIE,) 


IE. 


(I  +  WJWa  ) 

O  3(1 


"(I*  1  / 

//-  “  \ 


IE. 


IE 


IE  li' 
3„  a 


"ii 


t(”5) 


where  IE.  =  IE  ,  and  IE  /W  =  n~ln,?  was  used.  Hence: 

0  3/\  d  n  9 


(E 

IE„ 


+  F 


/  //  ^ 

1  /  *0 

\  ti- 


+  1 


(3,54) 


This  curve  is  also  plotted  in  Figure  34;  there  it  departs  somewhat  more  (but  in  the  same  direction) 
from  the  similarity  curve  IE  =  constaiit/zt^  than  the  curve  previously  derived  for  radial-flow  pumps. 

It  may  thus  be  concluded  that  for  moderate  steps  in  speed,  the  similarity  relation 


constant 


IE  = 


constant-, 
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,  ,  "i* . .  """  . . . .  ""  , bo, . no. ml,.,  . . . . 

'"‘7;  ""  *  . . . .  . . .  b,  ,b., b.„  win 

„  ,  ,  ,o  lb,  „.,l„.  . . 

Iii'(  lu'  HS  .  (Mivciilciu  as  /)  (or  tli«  iniinp  ami  ilm  miai  Uiicl  s,vsl«in. 

3.6  PrtOPUUSION  PUMPS  IN  PARALLEL,  INCLUDING 
DOUBLE  SUCTION  PUMPS 

rb,  .II.CI  „r„|«„.ib„  |„„„|„  s,,,,||„„  ,  I 

i.bi.n,,  10  lb.  loiiinn  .b«i..c„i,il,-,  ol  ,.ii,„|,s,  i,.,„ij.i.,|„||,  ,„.,|||„||,j  u,,,,,, 

immi,.  .|i|il.  ino.,.dl.„ly  |„„|,,,  „  ^ 

«  lb.  ,.i.  „„w  ,i„„.  Tb.  ,..„l,l,„  food.,,,,,,,. I  „„|||„^^  1,^ 

b,.llo„  U,  V  ,l„y  .|,„|y  „„|y  ,„  „„  „„|  ^1^^ 

rb.  ,„m..||,i  J„|,„  „|||,  ,,,,,111^^1^  ^  I,„i,ii.rt.)  I,  o„.  „r 

mam,.  .i,d  lb.l  10,11.  will  ,|„„f„„  imi,  11,1^ 

.l.io.i„.iy  .,11,11., by  d.,.,|o„.  ^1,1,, 

to  a  sJi)«le  |niiii|>  wllfi  the  same  loial  capacKy  as  liie  inimp.«ggrcgalc. 

1.1  b.  lb.  ™l,d„  f.„  „„y  „f  ^ 

(lie  a(u(rey.a(e  is  obviously  IP^  -  A’  IP, ,  ' 


Miitiu'i  lltBii  A  Itt  I'lUrtllt'l,  I'oiuiili’i  *»»«>  iminp  wiih  llu'  mi'm  l's  0  -Vt*|.  wlu'n' 

lli«'  t)l  om>  |MMHp  i«l  ih«>  'V  (It  pitulloi.  li'l  /)  hf  it  i('pi«*u<Mlrt(lvv'  liiunii 

ilinu'iutiti)  tti  iho  |MMiip  rti\tl  /)|  du'  ilimt'iiKimt  ttl  pvimv  itnc  m  llio  ,V  In 

|V«iiilK'l  ,Siiit'i<  iln<  |Mitn|t  Itt'ntI  tiiiil  xtuiuui  IumiI  iuiIkI  Iu>  iIio  v,imu'  lit)  ttit  |v.int|u  iitiiipttK'tl.  liio  me 

itlmt  ll»v'  wmo,  m  lliHl 


,,  V 

^>1  /),' 

lllivvvvvi,  l(M  i'i*in|'U’U'lv  Miwilui 

•^1  '  /V 


(.ISS) 


whoto  h'  i)k‘  wviphl  ol  iho  HiiiHlt'  pump  with  tlio  HUtil  ittpucilN  ('imipuiiii)i  iIi'a  wiiI>  llm  wniiihl  ol  A' 
pumpt  m  ptiialltfl,  kmc  llmlii 


-  u  —  X  - - =  — ,  i.  \  t'j  (,V50 

'  '‘  l  A7),'  /)  '  /),*  ^*1 

wliu'li  iiuMcly  kkkiinims  llic  vvcll<ki\ktvvii  lucl  (hut  u  diiitlc  luiitc  pmiip  is  tkcuvici  ilttm  scvcrtti  pirntps  in  piiiiillcl 

iK'Ckkiilinit  iki  (he  Itiimliin  ''skpiaio<ciihc  law." 

I  vikicnily  ihc  spccki  k>r  ikki.iiikkii  kkl  \'  pumps  In  puiullcl  u  liiplici  iliun  tliai  ol  a  sinjilc  pump  a.Tk'ikliiiH 
Ik)  A'  />  ■“  A'l  /J| ,  kki 


'*1  ^  n 

n  />, 


(.V5.S) 


III  iiccoriJaiicc  with  llic  prcccJiiiti  scclikiii,  ussiiiiic  (liul  ilic  woi|ilit  n)  uiiy  kliiccll>  cnuplckl  kliikk'i  m  tiuiis- 
missKni  is  iiivciscly  pikipkiriiniial  In  die  speed  nl  (kiiuiik)i).  ('oinpudskiii  willi  rApudkiii  (.<..S7)  mdieutes  dial 
die  \veinhl  kil  uiiy  UirCkMly  eoupled  diivei  ku  iransiiiissikin  is  ledueckl  In  die  same  laiiki  iis  me  weiplii  ol  die 
pinups,  i.e,,  liivetsely  propiulional  In  A''". 

Tlie  InreimliiH  ennsideiadnn  is  Imsed  on  die  ussiimptikni  dial  die  individual  pimips  nl  an  aiuiri'ttule  op  .V 
puinp.s  ill  parallel  arc  cnmpleiely  siniilui  In  a  sln(ile  pump  haviiig  ilie  tnlal  eapaeily  nl'  die  a|()tie^ule.  This 
assiiiiipllnii  Is  lately  jiisdried. 

I  nr  several  pumps  nn  die  .wne  shall,  die  shall  diainetei  rfiatin-  to  tlw  Is  lurtter  lliaii  lor  a  sintile 
piiiiip;  lliis  is  a  disadvantaKe  dial  lessens  the  wei)ihi  advaiilage  nl  N  pumps  in  parallel,  l-iirthermure.  the 
inlet  (and  discharge)  duel  svsieni  lor  several  pumps  in  parallel  is  nioie  enmplex  dian  iVir  a  sin)(le  pump,  and 
dial  also  reduces  the  udvantnge  nl  pumps  in  parallel. 


On  lhi>  t)th«r  limul,  n  in  lioMihIv  to  |tiiiNll0|  |unn|m  inio  inn'  lAtlnii  ThU  u  tuiKliinl 

lUHOlkv  wlili  iwn  puinpi  in  In  i)i«  Iniin  ol'  iltp  \^'«l)-D»lHl«liMiO(l  'MmikW  iiuiinn''  ilc<t)(in  «)u«wn  in 

l''l|iMn>  <5  In  I'oinintrUon  with  n  ulnttlv  mn'iinn  innnp,  Tli«>  w«l|tlu  inlvAnU|tt>  nl  pUilnii  iwn  hNck  io  nAck  lin- 
iwllvri  inin  nn»  CAiinit  nhtnilil  ln>  tihvnuu. 

I'i)nn«t  \t\  ninl  M  nhow  ilnvo  vlnulik-iiicilnn  pnntpii,  i.a.,  «In  |tnin|i>)iAlv«i  In  |>itrHllAl  pUv'«()  Into  one 
i'Ailnii.  TliU  It  A  new  ileil^n  aiuI  wonlil  teiiulie  «  X|)«cl«l  ilevelopinent  elloit.  The  Aloieinenllonetl  complex 
Inlet  end  dUchuiite  duct  xyitem  It  lnco)|HOHted  niio  the  CAtin^  In  en  Aiiempi  to  nnnimue  thU  dlMdvNntAite 
of  pnmim  In  p«iAllel,  In  ihU  cene  the  dlttineiei  (and  t|>eed)  «dvAnlA)te  of  the  "nndiUtietnn"  pomp  li\/h  ^ 

).d,S  uiulet  the  Huomptlon  of  the  xAine  holmodnlet  dlttineiei  letlo  foi  hoth  pnm|w  comimred.  The  new 
deilHO  U  comt^ieii  In  I'itime  do  to  u  »ln|ile<imction  lAdlnldlow  pump  (hioken  linen)  with  the  wme  hnilc 
«|)eclflc  t|>eed  (mid  noction  tpecillc  niieed)  ux  each  Imlf  of  the  im|>ellefx  of  the  multiiiieHm  pump. 

With  double  noction  and  multUtieamn.  one  will  he  tempted  to  one  a  nomewhat  lower  suction  i|>eclflc 
speed  for  every  "stream"  than  with  mie  sin^le.suciion  ("Hingle.siteam")  pump,  hot  lids  reason  hijjurea  .VS-.O 
sliow  a  somewhat  lower  hash'  s|H<cilk'  speed  (and  suction  s|>ecifii'  speed)  ho  every  stream  than  was  con¬ 
sidered  in  the  precedinit  sections  ho  slnnle-suction  pumps,  thswevei,  tlie  specific  speeds  of  the  slntde-suciloii 
pumps  shown  In  I'imires  35  and  to  are  the  same  Itete  as  for  every  stream  id'  the  douhle  suclloii  and  the 
mulllsiream  pumps  In  order  lo  achieve  a  clear  comparison  of  sUo. 

It  Is,  of  course,  not  neceuary  to  comhine  a  multistream  arranoement  Into  one  casing.  Two  more  or 
less  ne/iurure  douhle-iecllon  pumps  in  iiarallel  have  heen  used  suceessfully  In  (at  least)  one  Impotiant  project. 

In  such  cases,  ilie  external  mulllsiream  dueling  must  he  considered  In  weight  and  efllciency  comparisons. 

The  rei)uired  artaiigemenls  will  (re  dlscu.ssed  In  i'hapier  4. 

The  comparisons  shown  In  h'igures  .15  and  .V'>  helween  single-stream  and  douhle-'jiteam  or  multistream 
pumps  (mist  he  a  little  disap(Hrinting  lo  the  reader,  as  Indeed  It  was  to  the  author.  The  comparison  will  he 
limited  here  the  pumps  alone.  The  advantage  of  a  directly  coupled  driver  or  transmisshm  (gear  hox)  was 
covered  previously  hy  the  s|wed  oi  torque  ratio,  Insofar  as  general  principles  |Ktmltled. 

It  Is  somewhat  difficult  to  estlnrale  the  weight  advantage  of  the  double-suciion  pump  over  the  single- 
suction  pump  sliown  at  the  same  scale  In  I'igure  .^S.  It  is  ex|vcied  that  (for  the  same  head  and  rate  of  How) 
the  weight  of  the  slower  running  single-suction  pump  will  be  greater  than  that  of  the  equivalent  double- 
suction  pump.  However,  detailed  studies  of  both  forms  of  design  are  necessary  In  order  to  determine  whether 
or  not  this  weight  advantage  cunfurms  to  the  ratio  of-y/2  previously  derived  by  very  simple  simUarlty  con¬ 
siderations. 

One  might  hope  that  a  clearer  answer  can  be  obtained  from  a  more  drastic  stop  such  as  depicted  in 
rigures  36  and  37.  To  achieve  such  a  comparison,  the  lengths  and  average  diameters  are  shown.  The  averoge 
diameter  of  the  single-suction,  single-impeller  pump  is  about  1.5  times  that  of  the  nrultistream  pump. 

On  the  other  hand,  the  length  of  (he  pump  alone  (not  counting  the  discharge  no/.7.|e  which  Is  the  same  for 
both  types  of  pumps)  for  the  single-suction,  single-impeller  pump  is  only  0.8  limes  that  of  the  multistream  pump. 
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I'lmtre  ('i>m|»«r|n»n  nl'  Sltigle.Suilit»ii  ami  Dmihlc  Siic 


lion  I'liinpii 


l  igure  .16  Ihrce  IXnible-Suction  Pumps  In  Parallel  iu  One  Casing 
speed,  a.  ouch  ball  ..I  the  impellers  ..i  ,he  nmlil.siream  pump) 


Figure  3?  Sections  A-A,  C-C.  and  X-X  for  the  Double-Suciion  Pumps 

cf  Figure  36 


licnco  iho  wciulti  ol'ihc  sinnlo-siictioii.  sinulc-impollor  pump  miiy  he  cstiiiiiited  lo  bo  0,8  l,5‘  =  I.H  lirncs 

that  of  the  miilllslro  Mu  pump.  This  osiimato  lulls  short  of  the  esiiinato  bused  on  similuiity  eonslduruiious 
whioh.  uecordiiin  lo  lupiulioii  (.T.*!?).  (jives  u  ratio  id\/(>  >=  2.45. 

One  must  eoiU'hiu  ‘  ihut  the  comple.x  ducting  (necessury  witli  iiny  double  or  multistreum  arrungemcnl) 
is  lespoiislhlo  lor  the  I'ucl  Ihul  the  weight  suvings  for  double-sucHon  or  mulll.sirouni  pumps  Is  not  us  grout  us 
predicted  on  iheoieilcul  grminds.  This  ducting  svus  Incorporated  Into  the  pump  casing  lor  the  e, samples 
presented  in  I'igures  .t5-.t7  and  should  minimi/.c  the  weight  penulty.  As  will  he  discu.ssed  in  Chapter  4,  the 
weight  of  the  o.sieinul  ducting  must,  of  course,  also  count  uguinst  the  weight  udvuntuge  of  pumps  in  purnllel. 

It  is  indeed  doubt I'ul  whellier  a  45<perceni  reduction  m  pump  weiglil  i.s  suri'icient  lo  justify  the  compli- 
catioi'  of  the  mulllsiream  arrungemem  shown  in  higures  M\  and  M.  One  should  also  include  in  this  compari¬ 
son  the  multistage,  a-xial-flow  design  form  discussed  in  Section  .t,4  (Figure  M)).  The  single-stream,  multistage, 
'ixiul-llow  pump  would  piohahly  not  he  heavier  than  the  multistream,  radiul-l1ow  pump  shown  in  Figure 
.Seveial  multistage,  axial-ilow  pumps  in  fkirallcl  miglil  show  a  weight  advantage  over  one  pump  of  this  type. 

In  any  event,  it  .seems  douhiful  svhelher  the  weight  savings  achievable  by  u.sing  pumps  or  pump  streams  in 
parallel  justify  the  resulting  complications  unless  the  weight  saved  by  driver(s)  or  trunsmission(s)  turns  out  to 
lie  very  signiricanl. 

The  multistream  pump  presented  in  F'iguie  is  shown  in  connection  with  a  discharge  no//.le  that  is 
adjustable  over  a  total  range  of  .10  deg  in  direction  (plus  and  minus  15  deg).  However,  this  feature  has 
noiliing  to  do  with  the  multistream  arrangement  ol'  this  pump,  and  would  also  be  applicable  to  the  single- 
suction  pump  shown  in  I'igure  24  or  Iry  the  dashed  lines  in  Figure  3(>.  Similarly,  the  adjustment  of  the  dis¬ 
charge  no//le  nrea  shown  in  Figure  24  would  also  be  applicable  to  any  other  propulsion  pump,  for  example, 
that  indicated  in  Figure  .HI. 

,A  Cdinhination  of  adjustability  of  the  jet  dinrrion  (Figure  .^b)  and  adjustability  of  llie  no/./.le  area 
(Figure  24)  might  he  unreasonably  complicated  unless  adju»lability  of  jet  direction  is  achieved  by  rotation  of 
the  pump  or  pump  casing  as  indicated  in  Figures  28  and  2'F 

3.6  EFFECT  OF  CONSTANT  DISCHARGE  NOZZLE 
AREA  ON  OPERATION  AT  GREATLY  REDUCED 
SPEEDS  OF  TRAVEL 

It  lias  been  mentioned  repeatedly  that  the  propulsor  thrust  versus  spced-of-travel  curves  in  Figures  21 
and  22,  together  with  Fciuation  (.T.38)  from  wliich  these  curves  were  calculated,  arc  based  on  the  assumption 
that  for  the  given  pump  and  speed  of  rotation,  the  rate  of  flow  Q  and  the  pump  head  //  are  the  same  at 
cruising  speed  of  travel  (subscript  c)  and  at  any  reduced  speed  of  travel  (subscript  I),  i.e.,  that 

Q^  =  C2,.//,  =//<-.  at/',  (-^-59) 

Tills  set  of  equations  obviously  specifics  similar  flow  conditions  in  the  same  propulsion  pump  in  the  usual 
sense  of  these  words. 
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It  w;is  also  stated  that  Equations  (3.59)  can  be  satisfied  only  if  the  discharge  nozzle  area  is  (slightly) 
adjustuhic. 

It  is  the  purpose  of  this  section  to  show  ln>w  Q  and  //  will  change  (at  constant  speed  of  rotatioti  n) 
from  cruising  speed  to  reduced  speed  of  travel  for  a  fixeit  discharge  jet  nozzle  area  A^.  The  answer  is  ob¬ 
tained  here  by  a  process  of  successive  approximations  although  a  more  elegant,  closed  solution  may  be 
possible. 

As  a  first  approximation,  assume  that  //|  =  //^  and  determine  the  relation  between  and  on  the 
basis  of  the  condition  of  continuity  with  a  constant  nozzle  discharge  area  Aj,  i.c.; 


0. 


y, 


=  Aj  =  constant 


Under  the  assumption  of  constant  pump  head,  the  jet  velocity; 


(3.60) 


can  be  calculated  from  Equation  (3.38);  can  be  assumed 

Figures  4  or  5.  From  Equation  (3,38)  one  obtains; 


(3.61) 


to  be  given  for  the  cruising  conditions  by 


which  can  be  solved  for  (AV/Vq)^  if  an  assumption  is  made  for  the  duct-loss  coefficient  A,,  for  example, 
dial  A'l  -  A'^.  (Recall  that  A'^  had  to  be  assumed  or  estimated  from  the  duct  geometry  in  order  to  determine 
from  Figures  4  or  5). 

The  approximation  of  (AF/F^,)!  obtained  from  Equation  (3.62)  for  the  low  speed-of-travel  condition 
can  be  used  to  determine  the  corresponding  rale  of  flow  from  the  condition  of  continuity  for  the  dis¬ 
charge  jet  nozzle  according  to  Equation  (3.60)  with  the  notation  F,  =  ,  F^.  =  Fj,  ,(AF/F^,)|  =  AF,/ 

E'o  -and  (AF/F,,)^  =  AF^/F„  ,  Thus,  ' 

1  C 


1+(AF/Fo), 
1  +(AF/F„)^ 


and  from  this,  a  first  approximation  for  the  thrust  at  reduced  speed  is; 


(3.63) 


r,  =PC>,  AF, 


(3.64) 


and 
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X 


(3.65) 


where 


and 


AV, 


af 


0,  1+(AF/F„),  Fj 


(3.66) 


(3.67) 


AF 

-  can  be  determined  from  Equation  (3.62). 

^0  1 

To  obtain  a  better  approximation  than  that  based  on  =  7/^,  now  calculate  the  change  in  pump  head 
resulting  from  a  change  in  rate  of  flow  from  to  Q^ .  If  it  is  assumed  that  in  this  small  range  of  flow  rate, 
the  pump  operates  near  its  point  of  best  efficiency,  any  change  in  efficiency  can  be  disregarded. 

Figure  38  shows  typical  impeller  discharge  velocity  diagrams  of  a  centrifugal  pump  that  may  be  used 
for  propulsion.  These  diagrams  are  shown  for  rates  of  flow  at  cruising  and  at  reduced  speed  of  travel.  The 
change  in  tlie  meridional  velocity  F^  corresponding  to  the  change  from  to  Qj  is 


AF. 


(3.68) 


and  the  corresponding  change  in  the  peripheral  fluid  velocity  F^  is 


AF  =  F 


F  =  w  —  w 


(3.69) 


Since  the  direction  of  the  relative  discharge  velocity  can  be  assumed  to  be  constant  as  shown  in 
Figure  38,  it  follows  that: 


AF 


w.. 


U- 


af. 


af_ 


af_ 


u 


AF_ 


Af.. 


u 


(3.70) 
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which  applies  to  botli  subscripts  1  and  c. 

According  to  the  tuler  turbomachinery  equation  (3.9).  for  zero  rotation  of  the  absolute  flow  at  the  inlet 


side  of  the  impeller,  i.e.,  for  =  0: 


«o// 

n,u- 


(3.71) 


Hence  Equation  (3.70)  can  be  written  in  the  form: 


(3.72) 


According  to  liquations  (3  69)  and  (3.71).  one  can  write  with  rj  =  constant,  and  U.  =  IJ  -  U: 


'“c  '“I 

T-=  “t: —  ='  —  =' 


(3.73) 


I'lirthertnore  the  meridional  velocity  is  obviously  proportional  to  the  rate  of  flow,  so  that 


1'  I' 

'"e  m, 


(.3.74) 


Substituting  l-.quations  (3,73)  and  (3.74)  into  liquation  (3.72)  leads  ttt: 


(3,75) 


,  1  .Hid  design 


thus  )K'inutting  H^IH^  to  lie  calcuiatcd  as  a  luiiction  of  and  ic  . ^  •  .  ///(/■,  This 

head  coefficieni  and  the  "hydtaulu  efncicncy"  ate  given  or  can  lie  e.  .  o  n  .md  deilgi 

o(  the  pump.  It  is  ,i  (air  api'toximaiion  (or  standard  tenirifugul  pumjis  to  . . .  o  i/  (  iCo//  “  2  foi 

an  averatte  discharge  dc.c'etc'  oi  the  impellei;  this  can  be  said  to  determine  the  slojic  ol  the  (lead  capaciiy 
curve.  With  this  apptoximalion,  I  qualion  (3  75)  reduces  to  the  simple  relation 


■I'  i'  '■  c',, * '  -  2  for 


V 


(3  76) 


‘>1 


The  approximation  for  Q^IQ^  obtained  undrr  the  assumption  (Equation  (3.66))  can  now  he  used 

to  obtain  a  corresponding  approximation  for  This  ratio  permits  a  second  approximation  to  be  made 

fur  Q\IQc  accordingly,  (<  r  the  thrust  ratio  T’j/T’^  (see  Equation  (3.65))  in  the  following  manner. 
According  to. Equation  (3.37): 


which  can  be  solved  for(Af7E)j  since  is  known  from  the  approximation  expressed  by  Equation 

(3.75'  or  (3.76)  and  all  other  variables  are  given  from  the  initial  design  conditions.  However,  the  result  is 
not  as  general  as  obtained  under  the  first  approximation  because  the  ratio  AhjH  depends  on  the  absolute 
velocity  of  travel. 

The  new  value  of  (AVIV^^)^  can  now  be  used  in  Equation  (3.66)  to  obtain  a  second  approximation 
for  the  ratc-of-flow  ratio  Q\IQ^  which,  by  Equations  (3.67)  and  (3.o5),  leads  to  a  second  approximation  for 
the  thrust  ratio  IT^. 

The  second  approximation  for  Q^IQg  may  be  used  in  Equation  (3.75)  or  (3.76)  to  obtain  a  third 
approximation  for  This,  ii.  turn,  may  be  substituted  into  Equation  (3.77)  to  find  a  better  approxi¬ 
mation  ior  (AE/E,j)|  and  thereby  (by  Equation  (3.66))  for  and  so  on. 

The  process  described  above  will  now  he  illustrated  by  calcilating  successive  approximations  of  the 
thrust  versus  speed-of-travel  curves  for  the  design  example  di.scusscd  in  Section  3.3  and  presented  in  Table  I. 
Specincally,  the  following  design  values  will  he  used: 

Propulsion  velocity  ratio  (AV|V^^)^  =  0.7 

Inlet  and  duct  loss  coeflicient  K  =  0,4;  A',  ■  A' 

|{lcvation  of  tite  jet  Ahj  ~  1  ft 

Velocity  of  travel  (when  needed)  Ej,  =  60  knots  =  101.4  ft/sec 
The  calculations  will  be  carried  out  fur  Ej/Ep  values  of  0,1,  O,"!,  0.4,  and  0,6. 

With  (r^E/E,,)^  '  0,7  and  -  0.4,  the  following  expre.ision  in  Equations  (3,62)  and  (3.77)  assumes  the 
constant  value: 


Hence  front  Equation  (3,37): 


2.29  +  7  =  366  +  7  =  373  ft. 


Ah.  j 

-  =  -  =  0.019.  i.e.,  tlie  effect  of  Ah.  is  very  sinail,  and 
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I  -  Ah./H^  =  0.981. 


The  actual  calculations  are  carried  or*  according  to  Table  2,  and  the  results  are  plotted  in  Figure  39 
as  functions  of  the  speed-of-travel  ratio  It  should  be  noted  that  in  this  figure,  the  ratios  and 

(-;IQc  plotted  at  twice  the  scale  of  the  thrust  ratio 
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Figure  ,V)  Tlirusi  versus  Spcorl-uf. Travel  Ralios  fur  (A  171') 
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i,i',,  the  inluki.'  velocliy  inusi  lie  ielunleil  hy  a  Iji'oi  ol  alnuH  2  lierore  the  stream  ciKS'rs  llio  im|H'ller.  11 
the  iHiiiillar  "liicluilcil  tone  aiijile"  ol  7  ilen  is  assuiiuHl,  this  moans  lliiil  llic  lenglli  ol  a  cunioul  inlet  dinii.km 
kvill  lie  uIhuh  iwice  llie  dlutneler  ol'  the  iniiike.  Atiuully  this  length  has  to  he  somowlmt  greater  In 
uttommoduie  changes  In  direction  and  In  ihc  shape  of  the  cross  section.  On  this  basis  the  required  length  of 
the  inlet  diffiisor  does  not  coitsllluie  u  problem.  However  the  total  ratio  of  retardalion  is  a  problem  sirtcc  it 
itray  load  in  a  rather  nonuttifornt  velocll>  disirihution  at  the  impeller  Inlel,  with  possihly  detrimentui  effects 
on  caviliiHon  performance  and  cITtcluncy. 
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Ik  uKrn  iiilH  «i\Hiiini,  ('tuiiiilpi  ilif  riif«|Hitti)i  i^!k«H)|il*  witU'lt  coti^iiHimii  to  ili»  kiiiuliiiiiiii  itiv«ii4i«i««|  In 
S»\,'Hiin  <  -  ( filil*  II 

Al  «  k'HiHtnjl  i|>w>il  r„  III  hU  kiiiiH  “■  101,4  li/Wi'  uml  “  IhO  li,  iiiiiiiiki  llui  l‘|/r^.  *  0,4. 
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ll  Is  obvious  I'roiii  f-'iiiiire  1,^  lliat  this  ratio  Is  nol  ucceptuhle;  it  would  lend  tu  a  very  low  suction 
spccillc  speed  lot  {tiveii  iinpeller  blade  cliuructerisilcs  us  e.vpiessed  by  the  coefflclenl  In  lliul  rigiirc.  It  can 
be  ostimuied  Ibul  u  value  as  low  us  I, .10.^  lor  ^  would  lead  to  u  reduction  in  suction  specific 

H|H'ed  by  u  factor  of  2  or  more  bvldenlly  the  situation  would  be  even  worse  If  the  speed'uf-t ravel  ratio 
were  less  than  0,4.  say.  0.1  us  invesllguted  lii£|^ion  3,3.  The  mullet  will  tbererorc  be  explored  here  only 
lot  I'  /P  «  n.4, 

1  C 

To  correct  the  umicceptuhic  ratio  ®  1.363  to  a  higher  value,  ll  is  necessuty  to  reduce  the 

impcilet  Inlet  velocity  .  Assume  that  the  ratio  “  reduced  speed  of  travel  (Kj  =  0,4  V^) 

lius  the  value  of  3..S  (us  assumed  previously  for  the  criiising-specd  conditions).  This  means  that  the  meridional 
impeller  inlet  velocity  of  flow  ihould  be  reduced  by  the  ratio >/l,363/3.5  =  0.624.  This  changes  the  velocity 
reduction  ratio  given  by  liquation  (3.80)  from  2.15  to  2.15/0.624  =  3.45  (and  leads  to  an  increase  of  the 
impeller  inlet  diameter  by  u  factor  of>/l/0.624  =  1.266), 

The  old  velocity  reduction  ratio  of  /V^^  =  1/2.15  at  cruising  speed  was  previously  described  as 
serious  with  respect  to  the  'mpcilci  inlet  velocity  distribution.  Accordingly,  a  velocity  reduction  ratio  of 
1/3.45  may  be  considered  as  iinacceptabt'o,  further,  an  increase  in  inlet  duct  length  would  be  required  to 
achieve  this  velocity  reduction  in  a  reasonable  fasliion.  One  contribution  the  pump  designer  can  make  to 
alleviate  this  part  of  the  inlet  duct  problem  is  to  permit  a  lower  value  than  is  conventional 

for  reduced  speeds  of  travel,  where  the  cavitation  tequirements  are  most  severe. 
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llui  Ktluv'i’tl  t<l  liitvcl,  Ihr  Milo  m  ^  ***'"'  *1*'*  P't’vit'DilV 

llUUIIIV'tl  VtllllP  ol'  .t.^  10  I  I'IDUIC  I.*!  lillown  Ihtll  lint  will  MtllKl^  (ll«  tIU'IIOII  t|H?i'irK'  tpod  llOlO  Ilk  opiliionii 
vnhip  m  tilnuii  I'V  rt  iuv'iof  lu'iwv'tfii  U.MA  niul  O.n  ini  ilio  kiiiiK?  iiin'v'IK'i  hlmlo  tiiviimnni 

mimlwi  0^^  INiulblv  ihit  miUkiiom  hi  tiuiloii  kpccilk  tpt)c«l  ih  ^tvi^pMlilc,  pjiik'Hlit(l>  tiiuic  ilic  i«'tulllH|i  in- 
k'Matc  ill  /l>^  (t«i?  I'iinnv  l.'^l  <iiul  lU'CMatt'  in  ini|H'lloi  initfl  illdineMi  are  likely  lo  liMve  n  IteneneiHl  elTevi 
(HI  iniinp  eilk'ien<^y  (hecunte  of  iho  mnelitutillon  oi  ilie  iciiiiklulion  oi  ilu'  reluiivo  How  iliroiiitli  ihe  ini|wller). 

I'oi  ilie  tihttve  eMiniple.  lliv  letnli  would  Iw  dt  I'ollowt:  The  nieildionul  linpellei  inlei  veloeiiy  oi  How 
would  he  ledueed  iioni  llie  eondlllont  leiulinit  i»»  -Vd ^  "  l-'hd  hy  uy/Tjh.V2  railo  ol'O.Hih  in- 
tieud  oi  ihe  O.n^d  previontly  ealeiilaled  ioi  *  V*  c  *  ernlslnti  speed,  ilie  new 

tallo  O.HJh  leads  lo  a  feiardalion  iroin  inlake  lo  Impeller  inlei  hy  a  iacioi  oiO,H:J6/M.S  •  |/.',h.  Alihoutth 
lids  is  silll  a  severe  relardalion,  ll  is  a  t>i<-'al  deal  less  severe  than  the  iaetor  id'  I/.V45  pievjmisly  eulciilated 
on  the  hasls  id'  -#()//, I ^  *'  'T.V  ll  cun  iheiciure  he  concluded  lhal  a  m/ut  tfoii  in  tliv  rtilio  ^ 

hdow  iis  o/itimmi  tv  m/ncis/  s/icts/  is  m  cjftrtivv  \oiy  Ji>r  the  puntt>  itvsignir  to  help  (vr.vc  the  inlet- 
tlnet  retanldtiiin  pnihlein, 

ll  should  be  noted  lhal  under  the  same  assumptions  used  above  and  a  spced-of  iravel  reduciiun  ratio  of 
I'l/I'p  "0,1,  one  arrives  at  a  required  inlet  Ilow  velocity  reducllon  at  cruise  speed  oi  /k'„  «  1/3.16;  lids 
assumes  that  at  the  reduced  speed,  This  is  a  very  severe  velocity  reduction  ior  the  inlet 

duct  and  may  not  he  achievable  wlih  acceptable  i>verull  einciencies.  Hence  the  n'sniting  mpiired  retanlatlon 
of  the  inivining  Jhw  at  cruise  speed-of  travel  is  an  additional  reason  why  the  tnininiunt  spei\l  of  travel 
specified  to  use  full  speed  of  ndatlon  (and  fiower)  should  not  be  li>wr  than  tmly  necessary.  This  speed  is 
usually  diciuted  by  the  “hump"  in  the  drag  versus  speed-ol'-lravel  curve  of  the  vehicle. 

An  additional  way  in  which  the  pump  designer  can  help  lo  alleviate  the  problem  of  inlet  flow  retardation 

at  cruise  conditions  is  by  adding  lo  the  meridional  impeller  inlet  velocity  a  circumferential  velocity 

i 

coitiponenl  in  the  direction  of  the  impeller  rotation. 

“/ 

Intuitively  one  is  inclined  to  overestimate  the  effectiveness  of  this  step  because  positive  “prerotation” 
reduces  the  inlet  velocity  W.  relative  to  the  impeller  vanes.  For  this  reason  it  is  necessary  to  derive 
briefly  the  effect  of  (positive)  “prerotation”  on  the  suction  specific  speed  and  to  present  some  practical 
results  of  thi.®  derivation. 

With 


2  +  y  2 

I  m .  u. 

/  ! 


and 

»  tyi  I  u- 


+  ((/,  - 


one  can  derive  from  Equation  (3.24) 


=  C’t  yj'  +  C,  F  2  +  o  vj  +  0„  f//  -  2(7„  U.  K  +  o  vj 

“U  sv  1  m.  1  Uj  p  m ,  pi  p  I  u.  p  u. 


and 
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Sut)iiiluilt)ii  Into  Uquiiton  leadx  ut 


''/‘m  <1 


The  dimensiunleu  evaluatiuii  of  the  lost  equatiun  Is  shown  in  Figure  40,  where  .9^  denotes  the 
corresponding  suction  specific  speed  for  7.010  prerotation  ( **  0).  The  relation  between  S/S^  and  the 
prerotation  ratio  IV^  is  sitown  for  three  different  considerations: 

1.  The  upper,  solid  curve  Is  for  cruise  conditions. 

2.  The  middle,  broken  curve  Is  for  reduced  speed  (moderately  higlt  .9). 

3.  The  lower  dash  and  dot  curve  is  for  still  lower  speed  (high  S)  and  =  2  (as  suggested  by  the 

preceding  considerations  on  how  to  reduce  the  retardation  in  the  inlet  duct). 

The  first  two  curves  indicate  the  possibility  that  a  prerotation  ratio  /V^  as  high  as  1  could  i  e 
used.  This  would  increase  the  resultant  impeller  inlet  velocity  by  a  factor  of^/T,  which  would  be  quite 
considerable.  However  the  final  curve  (prerotation  combined  with  an  increase  in  the  meridional  impeller  in¬ 
let  velocity,  as  discussed  before)  restricts  prerotation  to  about  -  0.5.  This  would  increase  the 

resultant  impeller  inlet  velocity  over  its  meridional  component  by  no  more  than  about  12  percent.  Such  a 
reduction  in  retardation  is  not  negligible,  but  it  does  not  constitute  a  ma/or  improvement. 

Recent  investigations  have  shown  that  the  increase  in  suction  specific  speed  obtainable  by  positive 
prerotation  is  about  twice  as  great  as  predicted  by  the  foregoing  considerations,  if  one  considers  the  effect 
of  “solid-body”  prerotation  on  the  meridional  inlet  velocity  distribution  (see  Chapter  26  of  Reference  2). 


Figure  40  before  the  suction  specific  speed  drops  below  its  value  at  zero  prerotation.  Therefore  positive 
prerotation  may  be  of  somewhat  greater  practical  value  than  indicated  before. 

Recall  that  retardation  in  the  inlet  duct  is  severe  only  at  cruising  speed  and  that  high  suction  specific 
speeds  are  required  only  at  reduced  speeds  of  travel.  These  facts  suggest  the  use  of  a  variable  ratio  of  pre¬ 
rotation  by  means  of  an  automatically  adjustable  inlet  guide  vane  system  in  front  of  the  impeller  inlet. 

The  amoiuit  of  this  adjustment  could  not  be  great  (in  view  of  the  resultant  change  in  the  angle  of  attack  at 
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(lie  liilci  1)1'  III).'  iniiH'llor  vuik's)  yiil  ii  niliilit  b«  Mil't'ldcni  lit  contiliuit?  u  iiliinllicuni  lutvaniiiKe  In  ovoi- 
till  iH'irininatui'.  Ibcsiiinably  the  I'lxeil  purl  xl'  ibi^  liiki  rliici  wniilU  bi»  ilcilitneil  Tor  ihe  inuximuiii  preroiallon 
ikMiol  niukf  coiiuc  atiullilxns,  uinl  llio  uilliislubk  tiuiik  vuneu  would  rediio!  ihli  prcroiullon  ul  low  uircviU 
ol'  liuvcl.  As  Ibis  is  u  ilU).'i  di^sliin  problem,  ll  will  bo  consbkred  I'urllior  in  ('bnpior  4. 


Figure  40  -  Suction  Specific  Speed  Riitio  as  a  Function  of  Prerotation  Ratio 


livoii  with  ull  iinproveiDonts  of  iho  Inlot  duct  discussed  Itore  iind  In  Chupters  4  und  5,  this  study  would 
he  incuntplete  without  conildeiintt  wiiother  It  is  truly  nocessury  to  locate  the  propulsion  pump  above  the 
free  watci  suil'uce. 

Perhaps  the  most  slgitincanl  cotilrihution  the  pump  engineer  could  make  to  the  propulsion  of  high¬ 
speed  surface  vehicles  would  be  to  arronge  the  pump  In  such  u  fashion  that  It  could  be  placed  below  the 
water  surface  but  be  easy  to  drive  from  a  power  plant  above  that  surface.  However,  recall  that  the  mechanical 
complicallun  of  an  angle  drive  was  largely  responsible  for  placing  the  propulsion  pump  above  the  water  sur¬ 
face  In  the  first  place.  It  follows  that  the  principal  reason  fur  such  placement  would  probably  be  eliminated 
by  a  propulsion  pump  with  its  impeller  .shaft  approximately  at  right  angles  to  the  direction  of  the  flow 
through  the  pump. 

Since  a  marine  propeller  with  this  characteristic  is  available,  It  Is  natural  to  ask  whether  tlie  principle 
of  the  Schneider- Vuith  propeller  could  not  be  used  for  pumps.  The  author  is  not  aware  of  any  promising 
attempt  to  do  so.  It  should  also  he  possible  fur  a  pump  to  have  How  at  right  angles  to  the  rotor  shaft 
without  need  for  the  complex  rotor  blade  movement  employed  with  the  Schnelder-Voith  propeller.  However, 
an  extensive  design  and  experimental  development  process  would  be  required  to  determine  whether  such  a 
configuration  can  achieve  the  high  efncicncy  required  for  a  propulsion  pump  This  possibility  must  there¬ 
fore  be  regarded  as  hypothetical,  and  will  not  be  pursued  further  here. 

Fortunately  a  well-established  type  of  centrifugal  pump  with  proven  efficiencies  up  to  90  percent  is 
available  and  can  be  adapted  to  meet  the  goal  of  the  main  through-flow  at  right  angles  to  the  rotor  shaft. 

This  is  the  familiar  "double-suction  pump"  e.g.,  as  shown  In  Figure  18.  In  order  to  use  a  double-suction 
pump  for  propulsion  under  water,  the  pump  inlet  passage  would  have  to  be  of  the  “bottom  suction"  type 
(Figure  18),  and  the  volume  would  have  to  be  turned  to  direct  the  discharging  flow  into  the  same  direction 
as  the  incoming  flow  but  on  the  opposite  side  of  the  impeller.  Furthermore,  a  determined  effort  would 
have  to  be  made  to  minimize  casing  dimensions  normal  to  the  direction  of  the  incoming  and  discharging 
casing  flow. 

Figure  41  shows  how  a  double-suction  pump  could  be  incorporated  into  a  streamline  nacelle  in  an 
attempt  to  meet  the  aforementioned  requirement  of  a  reasonably  small  “frontal  area.”  It  is  evident  that  an 
extensive  redesign  of  existing  double-suction  pump  casings  would  be  required,  together  with  an  experimental 
development  program.  Nevertheless  there  is  no  reason  why  this  arrangement  of  a  submerged  propulsion 
pump  cannot  be  successfully  executed  essentially  on  the  basis  of  existing  knowledge. 

As  for  all  propulsion  pumps  with  vortical  shafts,  some  design  development  would  be  necessary  to 
ensure  that  the  anangement  of  the  driver  and  its  reduction  gear  is  in  proper  relation  to  th  pump  and 
its  shaft.  As  already  mentioned  in  connection  with  vertical-shaft  pumps  above  tiie  water  surface  (Section 
3.4),  the  “free”  power  turbine  and  its  reduction  gear  would  have  to  have  vertical  shafts  which  would  have  an 
efficiency  advantage  regarding  the  turbine  exhaust  through  a  vertical  stack.  The  hot  gas  generator  would 
retain  its  conventional  horizontal-shaft  position,  and  the  admission  of  the  power  gas  stream  to  the  free 
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Figure  41  -  Submerged  Propulsion  Pump  with  Vertical  Siiaft 


f  igure  413  -  Vertical  Section 


power  turbine  would  take  place  tlirougli  a  volute  casing,  -^reserving  as  much  of  the  kinetic  energy  of  the  gas 
stream  as  desired  for  admission  to  the  turbine.  This  arrangement  can  be  higlily  efficient,  as  is  well  known 
from  the  field  of  hydraulic  turbines. 

Depending  on  the  type  of  craft,  steering  as  well  as  backing  can  be  accomplished  in  many  cases  by  turn¬ 
ing  the  propulsion  unit  with  its  supporting  streamlined  strut  about  the  vertical  axis  of  the  shaft.  The  tunting 
mechanism  could  be  located  well  above  the  free  water  surface. 

Of  course  the  use  of  a  vertical  shaft  for  the  propulsion  pump  and  its  driver  raises  the  question  of 
whether  a  suitably  inclined  direction  of  the  pump  shaft  may  not  have  even  greater  advantages.  This  possi¬ 
bility  has  already  been  mentioned  with  respect  to  propulsion  pumps  above  the  water  surface,  and  will  be 
further  explored  in  Chapter  4.  Figure  42  shows  a  submerged  .single-suction  propulsion  pump  with  its  shaft 
inclined  by  45  deg  against  the  horizontal  and  vertical  direction.  The  frontal  area  of  the  nacelle  would  be 
about  the  same  as  for  the  double-suction  pump  shown  in  Figure  41.  The  “ram  efficiency"  of  the  incoming 
stream  might  be  a  little  better  for  the  single-suction  pump  with  inclined  shaft.  However  the  design  for  the 
diffusor  casing  behind  the  impeller  would  be  quite  complex  because  in  no  sense  is  axial  symmetry  connected 
with  this  casing.  Fvery  vane  and  vane  passage  of  the  diffusor  would  have  to  be  designed  individually. 
Nevertheless  a  competent  pump  design  engineer  should  come  up  with  a  good  solution  to  this  problem  which 
is  as  challenging  as  it  is  interesting. 

The  greatest  unsolved  problem  for  a  submerged  propulsion  pump  with  inclined  shaft  seems  to  be  that 
of  steering  with  the  jet,  in  particular  reversing  the  thrust.  Jet  deflectors  that  are  usable  above  water  arc 
probably  not  usable  below  water,  and  so  a  separate  reversed  thrust  unit  may  have  to  be  employed. 

Finally,  some  estimate  is  needed  of  the  improvements  in  efficiency  that  may  be  expected  from  this 
arrangement  compared  with  the  conventional  “waterjet’  configuration  with  the  pump  above  the  water 
surface. 

Altliougli  submerged  pumps  require  a  somewhat  greater  design  effort,  the  author  feels  that  there  is  no 
reason  to  assume  a  difference  in  pump  efficiency  for  the  two  arrangements.  It  should  be  sufficient  to  com¬ 
pare  their  jet  efficiencies  corrected  for  duct  losses  and  external  drag,  as  given  by  Figure  5. 

For  a  duct-loss  coefficient  A'  *  0.4,  the  "waterjet"  arrangement  with  the  pump  above  the  water  sur¬ 
face  has  a  corrected  i'-i  efficiency  (at  optimum  of  61,5  percent)  for  zero  intake  drag  and  an 

efficiency  of  ,57  [wrcc  a  for  an  intake  and  strut  drag  coefficient  Kj  =  0.1. 

For  a  nacelle  and  strut  drag  coefficient  A'^  =  0.1,  the  submerged  propulsion  pump  has  a  corrected  jet 
efficiency  of  64.5  percent  for  a  duct-loss  coefficient  A'  ^  0  and  an  efficiency  of  62  percent  for  A'  =  0.05, 

The  difference  m  Ky  coni|>;ued  with  that  for  the  above-surface  pump  results  from  the  fact  that  this  co- 
efficient  is  refeired  to  the  area  of  the  intake  opening,  and  thus  its  magnitude  refiects  the  increased  total 
frontal  area  of  the  submerged  pump.  In  either  case.  Ky  represents  only  the  Increase  in  drag  due  to  the 
presence  of  the  propulsor. 

Thus  It  is  seen  that  submerging  the  propulsion  pump  may  lead  to  an  improvement  of  three  to  five 
jxiints  on  the  cmtcclcd  jet  efficiency  scale,  i.e..  an  Improvement  of  5  to  8  percent.  However,  if  an  improved 


!gure  42  Submerged  Propulsion  P-  .,p  with  Inclined  Shaft 


inlet  duel  (see  Cliuplor  4)  eim  leilueo  the  duet>loss  eocl’flelciil  *'  'lui  the  puiup  tihuve  the  waiet  lurl'id'o) 

I'rom  0,4  Id,  suy.  O.d,  the  eunoeieU  |ei  elTiclency  wduM  be  <*4,  pereeni  I’oi  •  0  iiiul  5'>,4  |>erv’eiu  lot 
Ky  '  0.1.  approxiiniilcly  Muiiehln)t  tlie  subnicigeit  pump  urruiiiieiiieiil.  Duebloxx  eoenkleiiu  ot'  leu  than 
K  =■•  0.3  give  the  propulsion  pump  uhovc  the  water  surface  u  tlorinlie  uJvantuge. 

3.8  SUMMARY  OF  PROPULSION  PUMP 
DESIGN  CONSIDERATIONS 

The  must  importunt  eonsiderutioiis  presonled  In  Chuplor  3  for  propulsion  pump  design  may  be  lUmmeil 
up  us  follows: 

1.  Dennito  relationships  exist  between  the  operating  conditions  of  hydrodynamic  pumps  and  a  number  of 
important  design  parameters  or  eharaeiertsiics  of  the  pumps.  The  operating  ctrnditions  are  expressed  in 
dimensiotiless  form  hy  the  spcciHc  speeds.  The  relation  between  the  basic  specific  speed  and  design 
paramcicrs  is  given  (for  example)  hy  liquation  (3.1b).  and  the  relation  between  the  suction  spocilk  speed 
and  design  parameters  by  liquation  (3.22)  and  I'igure  IS. 

2.  Dcnnitc  relationships  exist  between  the  operating  conditions  of  a  hydrodynamic  propulsor  and  the  usual 
opcrt'iing  conditions  of  a  hydrodynamic  pump; 

a.  For  propulsor  thrust  T,  rate  of  How  (3.  and  change  in  velocity  generated  hy  the  propulsor  (AF  ■ 
ly  F„).  this  relation  (Equation  (3.32))  is; 

pc>Ar 

b.  For  the  pump  head  //  and  the  inlet  and  discharge  fluid  velocities  l'„  and  of  the  propulsor,  this 
relation  (Equations  (3.33)  and  (3.37))  is: 


c.  Foi  the  total  inlet  head  of  the  pump  (//^^  =  NP.SH)  and  an  intake  velocity  that  equals  the  negative 
of  the  velocity  of  travel  K(,.  this  relation  (Equation  (3.34))  is; 

|/(2 

-o  :;f  A4. 

“*(l 

d.  The  variables  (J,  H,  and  together  with  the  speed  of  rotation  n  determine  the  basic  specific  speed 
and  the  suction  specific  speed  (or  vice  versa)  and  thereby  the  design  of  the  propulsion  pump,  subject  to 
certain  design  decisions  (see  Figure  33). 

3.  The  thrust  required  to  propel  a  water  surface  craft  docs  not  change  with  the  square  of  the  speed  of 
travel,  i.e.,  it  does  not  follow  dynamic  similarity  relations.  Hence  the  pump  design  is  based  on  two  speeds 
of  travel; 
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lalio"  »houW  l»v  vldwn  a«  |h)«mHv  (mv  t  'h  hv^atuv  a  wt\  l»tw  tivvvMatd^ 

IvakU  to  a  IvM  I'avutalilv  |)fti|)ii|aiii  ihait  a  l\i)thvi  laitit  (ivv  Tahiv  iV 
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»,  .SiDHlV’tiayv,  iiuwiMluw  iliihtMM  itMMtp  will)  jvt  itHiMal  will)  i)iv  luiinp  <)taM  O'iituiv  ^4), 
h.  SihylV'ttaitv,  iniMvd-  (ui  failial')  llitw  viiluiv  |nim|>  wiUk  lliv  |v(  luumal  lo  l)^f  tllivcIKM)  lltv  iltaiv 
l\)Mlblv  arraiiitvnivnu  iuclutio  (Da  lioiiaonial  khah  viouwuv  (>«  tliv  dlivviioit  ol  tiawl  (hiiiuivi  35<^))  anJ 
(J)  vviilcal  xlial'l  (I'ititirvk  iA  amt  J*))  ll\ai  iMimili  chaiinvk  tn  tliitvUiM)  dI'  lliv  i«i  owi  a  wiiir  an)tl#  (itwiiiv)! 
am)  havkliiK), 

c.  Mulliitagv,  aalal'tlow  pump  willi  jvl  vuaxial  It)  ihv  pump  tliafi  (l^liiuiv  30).  r))l>  ly|)v  ol  puiup 
coitillmivi  a  kuviit  *u  wvi^hi  amt  siav  cuiuitarvst  wii)i  a  kmiitv<kliqiv,  mixvi)'  (ttr  tattlal-)  lluw  pump  ttf  ihv 
aamv  apeciltc  a|)VvU. 

3.  Varlulluiii  in  kiiVvillt'  iipvvil  anil  punip  toim  aa  a  I'unclion  ol  ihv  jvl  vvluvliy  tnvivaiv  taim  (**« 

I'lgurv  33), 

n.  riiv  use  of  several  pumps  in  parallel  Insleail  ol  a  single,  larger  pump  sitoulil  result  In  an  ineivase  in  S|H>eii 
of  rolutlon  ami  a  reilui  iion  in  the  weight  ol  the  pump  anil  the  Uirectly  eoupleil  ililvei  aieoiillng  to  the 
si|uure  root  ol  the  number  of  parallel  stivams.  Uevause  ol  the  eomplexit)  ol'  the  ilueting  eonnectvi)  with 
pumps  In  puiallel,  the  welghi  saving  Is  loss  than  staieil  above  on  the  bails  ol  simple  similarity  eonslileiatiuns 
(see  Figures  35"37), 

7.  The  simplesi  relation  betwvcii  propulsor  thrusi  ami  s|)eeil  ol  travel  is  obtained  with  a  sllghlly  aiOustable 
discharge  no//lo  area  so  that  (for  constant  s|>eeil  ol' rotation),  (>  <’  eonsianl  and  H  *  consiant  (see 
I'igurc  22).  A  tlxed  discharge  uu/./.le  area  leduces  the  thrust  imwaii*  lion)  lull  to  reduced  speed  ol'  travel 
(T'l  Tg)  by  only  about  10  |)ercent  and  the  total  low  sjreed  thrust  by  less  than  5  |>ercent  (see  Figure  39), 

8.  Retardation  of  ihe  inlet  duct  How  is  serious  at  lull  (crulsit)g)  speed  because  ol'  the  cavitation  design 
requirements  at  low  speed  ol'  travel.  This  problem  can  be  allevialed  by: 

a.  Reduction  of  the  inrpeller  inlet  coefficient  at  low  s|)ord  of  travel  from  Us  (cavitation- 

wise)  optimum  value  between  .)  and  4  to  a  (practical)  minimum  of  about  2,  i.e.,  by  designing  for  a  higher 
meridional  impeller  inlet  velocity  than  tite  optimum  at  low  speed  of  travel. 

b.  By  keeping  the  minimum  speed  of  travel  ratio  F|/Fq  required  at  full  speed  of  rotation  as  high  as 
possible. 

9.  Retardation  of  the  inlet  duct  How  can  be  reduced  by  adding  a  circumferential  component  to  the  flow 

enterirtg  the  Impeller.  This  "prerotatlon"  is  liniited  to  values  of  between  0.5  and  1.0  by  Its 
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iidviiiW  hdlow  lliD  vv«|#i  tiiiUk'd, 

d  Ah  HHiWilidlild  dtiyld  tllivd  vdii  Iw  dVtiHldti  Itv  tdldt'llHM  d  tioiihid  tiiviioii  |Uiiii|«  ditdH|i«il  m  ihdl  il 
Olt  IHIO  «  Iidk'dll«  wllli  lit  tlidll  IIOIIIUI  Itk  llx'  tllidilHMl  ol  llid  Hkiw  oiiidiiii|i  diul  lodvmii  llid  idtlliD  (<w<> 
t-||iii«  <4 1 1 

h  Siddiiiiit  diikl  lidkkmti  Cdii  Iw  di'liidt'vU  iH  iiidiiy  t'dt«t  hv  hiUIIii^  llid  diiiiid  null  vtiili  lit  tiini  nluoii 
llld  vdilKdt  dMi  ol  lit  tlidll 

V'  All  dlldilldio  diUHildiiWHl  (l‘iiliiid  A 'I  It  to  |tldCd  liiltt  d  tiihiiidiildil  iidi'dild  «  iiii|iiv>tiU'lioii  I'liiiip  wllll 
lit  tlidll  illvlllldtl  dlldlllll  llld  WMU'dI  dllil  lioMdoilldl  tllitfiiioiii. 

i|.  Tli»  iHUMiidifii  diul  iiivt'lidiiu'd)  Iddtihillly  ttl  iiiliiiwiiitfti  piopultlon  piiiiipt  di  tliowii  iii  i'lDiii^t  4)  niul 
4J  v'dii  liditlly  IkO  k|ii#iiltMii»i.l  rii«'  liVtlioilyiidiHii'  iVdiilnliiy  ilt»|H'iutt  tni  ilm  HikW  |ili.k'l  diut  tlinil)  lotwt 
t«>liidl  10  llio  ptiiiip  Al  d  kliK'l'IkkU  Idi'loi  A  *  U.4  loi  lliv  iniiiip  tlowo  llie  wdU'i  tiirldtet,  llio  tiihiii»i|idtl 
pump  hdi  dll  DlTicipiuy  dtlv«iiU|i(>  ol  dboiii  s  to  8  |wk'«iiI.  II  il  wyi»?  potiihld  lo  lediav  ilid  klia  i  lottdi  ui 
A  ‘  (1..I,  lilt?  dbttVd'tinrdvt?  pump  diiil  llit?  iiiloiiiuiieil  piiiiip  diidiiKOiiioiil  tiuuiltl  bo  dinuil  Otpidl  m  otllcioiioy . 

Al  A  V  0  I,  llio  dbtivo'tiiiIdkV  piliiip  tluuilil  tidvo  dii  dkivuiildito  in  ovoidll  dllioloiuy. 
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CMAPTIR  4,  DUCT  DI8IQN  AND  0V8RAi.l  ARRANQIMINT 
Or>  PROPULSION  PUMPS 


4,1  INTRODUCTION 

Thit  htitlly  i4vl«wi  ih«  timM  liniHifUiii  (tmtifttmtui  of  watcrjsi  prupulilon.  Ii 

lu  plH|HtliM  (hoM  prt)bl«mi  Uui  are  to  fall  wlililii  (ha  gantral  icupa  uf  iha  rapuri  and 
luggaiii  mluiloni, 

Initinal  duel  fluw  iutiaii  and  ihe  aaiainal  drag  ul'  tha  Iniaka  iiiuv'iiira  and  uf  iho  lubmargad  and 
Miifaca-piareing  paru  of  iha  dueling  ar«  ilia  prlneiiml  raatuiu  why  waiarjai  prupultlun  li  ralailvaly  lait 
adlclani  than  etunplaialy  tuhinaigad  piupuUuri  uaad  in  eunnaciiun  with  dliplaecmani  lurfaca  crafi  and  nub* 
inaigad  vaaaali,  Thli  viai  pulntad  uul  in  Cliaplar  3  and  domunaliaied  by  Figurei  4  and  S.  Chapter  ^  dit- 
eutied  Iha  dailgn  of  the  prupuliiun  pump  and  Ihe  varlailmu  In  pump  deitgn  ihat  may  be  Important  foi  im¬ 
proving  tha  overall  prupultlun  plant, 

The  preaent  chapter  dlicuuet  the  dueling  and  Intake  atrucluret  Iniufar  at  thete  fall  within  the  tcope  of 
ihii  reporl.  In  uther  wurdi,  the  diiciiulun  it  primarily  cuncerned  with  the  intemal  flow  problems  of  intake 
and  dueling:  the  external  drag  of  Intake  and  dueling  tyslems  it  cuntidered  uuitide  the  scope  uf  this  report. 
Ttierafure,  the  cuniroi  of  external  cavltatiun  or  ventilation  and  the  reduction  of  friction  drag,  wave  drag, 
and  induced  drag  of  submerged  and  turfaco-pierclng  parts  connected  with  the  pump  flow  will  not  be  dit- 
cutied  here,  Tlieir  efTecit  are  of  major  Importance  and  have  been  included  In  the  thrust  increase  6.T  that  can 
Ite  attributed  to  the  propulsion  plant  (tee  Chapter  2). 

Ttie  neceulty  of  an  a((juttablo  intake  for  any  hydrudynamic  prupulsor  intended  for  use  with  hydrofoil 
and  captured  air-cutliion  craft  eunslilules  a  major  practical  problem  primarily  because  of  the  reliability 
aspects  of  the  a((juttlng  mechanism.  The  solution  uf  this  problem  will  be  discussed  here  only  in  pricinple 
and  from  a  hydrodynamic  point  of  view.  An  adequate  presentation  of  the  entire  subject  uf  intake  adjust¬ 
ment  (like  that  uf  external  drag)  is  a  major  undertaking.  It  certainly  could  not  be  covered  in  a  report  whose 
primary  concern  i.s  with  the  propulsion  pump. 

Other  major  problems  are  internal  duct  losses  and  the  associated  maldistribution  of  the  flow  entering 
the  pump.  These  will  be  attacked  mainly  by  considering  the  location  or  arrangement  of  the  pump  relative 
to  the  intake.  Evidentlv  any  change  in  the  direction  of  the  flow  will  lead  to  losses  and  often  cause  mal¬ 
distributions  of  velocity.  These  can  be  reduced  most  effectively  by  reducing  the  number  of  turns  (elbows) 
and  the  angles  of  turning,  One  turn  shortly  after  (or  as  part  oQ  the  intake  is  unavoidable  for  pumps  located 
above  the  waterline.  However,  the  angle  of  tliis  change  In  the  dhection  of  flow  can  and  should  be  minimized. 
Beyond  that,  additional  changes  in  the  direction  and  the  velocity  of  the  flow  must  be  reduced  as  much  as 
possible. 
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4,2  AN  EXISTING,  SUCCESSFUL  PROPULSION 
PLANT  ARRANGEMENT  AND  SUGGESTIONS 
FOR  ITS  IMPROVEMENT 

I'lgurc  43  shows  the  existing  propuision  plant  arrangement  of  fiic  hydrofoil  boat  TUCLTMCARI.  To 
the  best  knowledge  of  the  author,  this  arrangement  accomplished  the  purpose  of  its  development  and  should 
tlicrefore  be  considered  successful.  Whether  this  particular  arrangement  can  be  considered  as  optimum  in 
ftrindplc  is  an  entirely  different  matter. 

The  TUCUMCARI  uses  a  single  turbine  placed  along  the  central  plane  of  symmetry  of  the  craft.  !is 
sliaft  is  approximately  liori/ontal  and  in  line  with  two  double-suction  propulsion  pumps. 

Tlie  two  water  intakes  arc  located  on  both  sides  of  the  craft  in  the  center  of  two  pairs  of  hydrofoils. 
Close  to  each  intake,  a  long-radius  elbow  deflects  the  propulsion  stream  into  approximately  the  vertical 
direction  tiirough  the  support  struts  of  the  hydrofoils.  At  the  elevation  of  the  hull,  the  propulsion  stream  is 
deflected  by  90  deg  toward  the  central  plane  of  the  craft;  each  stream  enters  one  of  the  two  propulsion 
pumps  in  an  essentially  horizontal  direction  normal  to  the  pump  shaft.  Each  stream  is  divided  into  two  parts; 
one  enters  the  pump  impeller  from  the  front  and  one  from  behind  in  the  axial  direction,  in  conformance 
with  the  standard  arrangement  for  double-suction  pumps. 

The  propulsion  stream  leaves  the  pump  volute  casing  at  right  angles  to  the  pump  shaft  and  to  the 
direction  of  travel.  It  must  therefore  be  deflected  once  more  by  90  deg  toward  the  aft  end  of  the  craft. 
Outside  the  pump  casing,  the  stream  therefore  changes  its  direction  three  times  by  approximately  90  deg. 

In  addition  the  stream  changes  its  direction  once  more  inside  the  pump  casing  before  it  enters  the  impeller 
in  the  axial  direction.  This  last  turn  is  unavoidable  with  double-suction  pumps,  and  its  losses  are  included 
in  computing  their  efficiency.  These  losses  are  apparently  small  since  the  efficiencies  of  double-suction 
pumps  are  known  to  be  no  more  than  1  or  2  percent  lower  than  those  of  single-suction  pumps  with  other¬ 
wise  the  same  general  characteristics  and  qualities. 

Undoubtedly,  some  practical  design  restrictions  existed  for  TUCUMCARI.  Could  some  of  the  changes 
in  tlie  direction  of  the  propulsion  stream  have  been  eliminated  or  reduced  in  angle?  Figure  44  shows  the 
result  of  one  such  attempt. 

Because  of  their  high  potential  qualities,  double-suction  pumps  were  retained  for  this  attempt,  with  a 
so-called  “bottom-suction”  casing  inclined  against  the  vertical  direction  by  about  30  deg.  (Bottom-suction, 
double-suction  pumps  are  well  known  in  the  commercial  pump  field.) 

In  order  to  avoid  a  change  in  direction  after  the  flow  leaves  the  pump  casing,  the  direction  of  the 
shaft  of  the  pump  and  its  driver  was  changed  to  be  normal  to  the  direction  of  travel  (as  described  in 
Chapter  3  in  connection  with  Figure  26).  This  change  enables  the  propulsion  pumps  to  be  placed  into  the 
vertical  planes  of  their  respective  intakes  on  the  two  sides  of  the  craft,  thereby  avoiding  another  change  in 
the  direction  of  the  flow  (i.e.,  the  elbows  on  lop  of  the  hydrofoil  support  the  struts  of  TUCUMCARI). 

Of  course  the  proposed  change  requires  the  separation  of  the  power  turbine  from  the  hot  gas 
generator  (this  has  already  been  discussed  in  Chapter  3).  The  cost  and  time  required  for  such  a  development 
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Figure  44  -  Suggested  Improvement  in  TUCUMCARl  Propulsion  Plant 


was  probably  not  available  lor  TUCUMC'aRI,  However  these  must  be  made  available  if  signlllcuni  im¬ 
provements  are  to  be  achieved  in  the  etnciency  of  walcrjct  propulsion. 

Figure  44  sliows  two  driving  gas  turbines.  IT  these  two  turbines  are  coupled,  this  arrangemcnl  avoids 
the  familiar  risk  of  relying  on  u  single-engine  craft.  With  one  turbine  out  of  service,  tlte  propulsion  power 
would,  of  cour.se,  be  cut  to  less  than  one-half  (because  of  the  aerodynamic  drug  of  the  idling  turbine),  but 
operation  in  the  drag-trough  after  the  "‘hump”  (Figures  3  and  21)  may  still  be  possible.  If  the  single-turbine 
arrangement  is  desired,  there  is,  of  course,  no  difficulty  in  retaining  it.  A  double-ended  power  turbine  would 
be  used  in  the  center  of  the  craft  with  two  gear  boxes  to  drive  the  two  pumps. 

With  the  arrangement  shown  in  Figure  44,  there  is  only  one  change  in  the  direction  of  the  propulsion 
stream  external  to  the  pump  casing,  i.e.,  the  unavoidable  change  in  direction  after  the  submerged  intake.  Its 
angle  of  deflection  has  been  reduced  from  about  90  to  60  deg  and  could  conceivably  be  reduced  still  more. 
The  losses  in  this  elbow  can  be  further  reduced  by  retarding  the  flow  before  it  reaches  the  elbow  and  by 
using  a  carefully  designed  turning  vane  system.  The  velocity  of  flow  through  such  a  system  can  be  approxi¬ 
mately  constant,  and  the  losses  can  be  quite  low  if  the  development  is  aided  by  appropriate  experimental 
investigations. 

The  elimination  of  two  of  the  three  changes  in  direction,  the  reduction  in  turning  angle  of  the  remain¬ 
ing  turn,  and  the  reduction  in  duct  length  resulting  from  this  change  in  arrangement  is  expected  to  lead  to  a 
major  reduction  of  the  duct-loss  coefficient  K  (Figures  4  and  5)  perhaps  by  as  much  as  a  factor  of  4.  This 
should  certainly  give  a  very  significant  improvement  in  overall  efficiency. 

4.3  DUCT  AND  INTAKE  DESIGN  FOR 
VERTICAL  PROPULSION  PUMPS 

In  connection  with  a  study  on  surface  effect  veliicles  (SEV’s)  conducted  by  the  Institute  of  Defense 
Analysis  (IDA)  in  the  summer  of  1969,  the  writer  had  occasion  to  examine  possible  improvement  in  ducting 
to  be  used  with  vertical  propulsion  pumps.  This  examination  resulted  in  the  sketches  reproduced  as 
Figures  45a-45d. 

A  few  months  prior  to  the  IDA  study,  the  use  of  vertical  propulsion  pumps  had  been  suggested  by  M. 
Huppert  who  was  then  associated  with  the  Rocketdyne  Division  of  North  American  Rockwell.  (The  dis¬ 
closure  of  this  arrangement  of  a  propulsion  pump  during  the  IDA  study  was  authorised  by  Rocketdyne.) 

To  the  best  knowledge  of  the  author.  Figures  45a-45d  were  the  first  sketches  ever  made  of  a  vertical 
propulsion  pump.  They  represent  this  writer’s  interpretation  of  Mr.  Huppert’s  suggestion  and  include  pro¬ 
vision  for  changing  the  direction  of  the  propulsion  jet  by  rotating  the  discharge  part  of  the  pump  casing 
(bout  the  vertical  axis  (in  this  case,  together  with  the  reduction  gear). 

Other  studies  had  indicated  that  a  “flusli”  intake  might  be  the  best  form  of  intake  for  SEV’s, 
ipecificaily  for  captured  air-cushion  craft  where  such  an  intake  can  advantageously  be  arranged  in  the  side 
idcirts  of  the  craft. 
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Figure  45  Vertical  Propulsion  Pump  with  Axial  Inlet  Volute  (IDA  Study) 


[-sgure  45a  -  General  Configuration 


Figure  45b  -  Approximately  Horizontal  Sections  A-A  and  B-B 


Furthermore,  the  problem  of  retarding  the  incoming  flow  to  the  highest  allowable  axial  inlet  velocity 
of  the  pump  impeller  was  well  recognized  at  the  time  of  this  study.  A  temporary  departure  of  the  intake 
from  the  water  is  followed  by  sudden  reentry  and  causes  a  slug  of  water  to  hit  the  empty  pump  impeller  at 
very  high  velocities.  There  was  justifiable  concern  about  the  mechanical  hazards  involved.  As  a  consequence 
of  the  foregoing  considerations,  the  vertical  pump  and  duct  sketches  were  prepared  under  the  following 
assumptions: 

1.  A  flush,  adjustable  intake  with  a  small  inclination  of  the  inlet  duct  against  the  horizontal  direction. 

2.  An  “axial  volute”  at  the  pump  inlet  that  retains  a  fairly  large  circumferential  component  of  the  inlet 
flow  in  the  direction  of  the  rotor  motion  in  addition  to  the  prescribed  fairly  low  axial  (vertical)  component 
of  the  flow.  It  was  reasonable  to  assume  that  this  arrangement  would  reduce  the  damaging  effects  of  a  high- 
velocity  slug  of  water  after  the  intake  has  left  and  reentered  the  water  surface.  (Measures  to  reduce  the 
resulting  high  positive  prerotation-  which  according  to  Figure  40  reduces  the  achievable  suction  specific 
speed-will  be  discussed  later  in  this  section.) 

Figure  45a  shows  that  the  flush  inlet  involves  only  a  small  change  in  the  direction  of  the  flow.  Thus 
without  further  deflection,  the  flow  proceeds  toward  the  pump  inlet  at  a  fairly  small  angle  /3  against  the 
horizontal  direction.  It  was  and  is  felt  that  the  resulting  low  elevation  of  the  pump  inlet  can  best  be 
accomplished  by  using  a  vertical  pump. 

The  required  adjustment  of  the  intake  (Figure  45a)  is  accomplished  primarily  by  forming  the  upper 
wall  of  the  intake  and  duct  from  a  strong,  flexible  sheet  whose  position  can  be  controlled  by  a  number  of 
jacks  (similar  to  the  adjusting  mechanism  used  with  the  nozzles  of  some  supersonic  wind  tunnels).  This 
design  ensures  minimum  and  continuously  changing  wall  curvature  in  all  positions  of  the  wall.  This  is 
essential  for  preventing  or  minimizing  cavitation  inside  the  duct.  The  variation  in  the  intake  area  and  the 
resistance  against  cavitation  are  further  increased  by  making  the  “lip”  of  the  intake  sliglitly  adjustable  as 
shown. 

The  form  of  adjustment  of  a  flush  intake  shown  in  Figure  45a  is,  of  course,  not  the  only  way  in  which 
such  adjustment  can  be  achieved.  Figure  46  shows  an  alternate  solution  of  this  problem,  namely,  an  adjust¬ 
able  vane  system  in  the  intake.  The  vane  shape  indicates  the  higii  degree  of  attention  that  must  be  paid  to 
the  cavitation  characteristics  of  such  a  system.  On  the  assumption  that  it  is  possible  to  avoid  the  admission 
of  atmospheric  air  (“ventilation"),  the  cavitation  number  {2{p~p^)l pV^)  of  the  system  (or  of  the  intake 
shown  in  Figure  •^5a)  would  be  about  0.2  at  60  knots  and  about  0.1  at  85  knots.  The  latter  condition  can 
probably  not  be  met  without  permitting  some  local  cavitation.  In  any  event,  the  intake  development  will 
require  the  most  careful  theoretical  and  experimental  work  to  achieve  a  reasonably  successful  solution,  and 
intake  cavitation  may  well  be  found  to  set  an  upper  limit  for  the  speed  of  travel. 

The  pump  inlet  configuration  shown  in  Figures  45a-45d  uses  a  high  degree  of  (positive)  prerotation  at 
the  impeller  inlet  in  order  to  avoid  excessive  flow  retardation  from  the  external  intake  to  the  pump  inlet. 
Otherwise  retardation  would  be  very  severe  at  full  speed  of  travel,  as  discussed  in  Chapter  3.  Specifically, 
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Figure  45a  indicates  a  ratio  of  prerotation  of  IV^  =  VJV^  =  3  (approximately)  which,  according  to 
Figure  40  would  reduce  the  suction  specific  speed  to  less  than  one-half  of  what  it  would  be  with  zero  pre¬ 
rotation,  even  if  the  impeller  inlet  were  designed  for  this  prciotation.  Such  a  reduction  in  suction  specific 
speed  is  unacceptable,  particularly  at  the  most  critical  conditions  for  reduced  speeds  of  travel  (“hump” 
conditions). 

Figure  47  shows  an  adjustable,  axial-flow  vane  system  between  an  axial  flow  volute  and  the  pump. 

This  is  intended  to  reduce  the  circumferential  component  of  prerotation  by  a  factor  of  slightly  over  0.5.  It 
would  change  the  effect  of  prerotation  (according  to  Figure  40)  to  factors  between  0.6  and  0.9,  which  will 
be  acceptable  in  its  higher  ranges.  It  is  generally  not  necessary  to  make  this  vane  system  adjustable  (and 
thus  avoid  son; reliability  risks)  except  for  the  previously  mentioned  aspect  of  intermittent  flow  and  the 
unknown  aspects  of  inlet  flow  variations  and  control  of  pump  performance  at  variable  speed  of  rotation.  In 
any  event,  the  development  of  such  a  vane  system  will  require  careful  theoretical  and  experimental  investi¬ 
gation.  It  is  'jariicularly  important  to  experimentally  determine  the  flow  that  leaves  the  axial  volute  in  front 
of  this  vane  system  because  it  may  depart  substantially  from  the  frictionless  flow  pattern,  i.e.,  from  the 
flow  of  radially  constant  angular  momentum. 

Figure  48  shows  a  right-angle  discharge  from  a  vertical,  axial-flow  pump.  The  elbow  shown  is  suitable 
for  very  little  rotation  of  the  flow  that  leaves  the  last  stage.  (In  this  case,  the  volute  casing  shown  in 
Figures  45a,  45b,  and  45c  would  become  unreasonably  large  or  entirely  unusable.)  The  velocity  of  flow 
leaving  the  axial-flow  pump  in  Figure  48  may  be  comparatively  low  and  the  flow  in  the  elbow  strongly 
accelerated.  Thus  assuming  a  good  design,  the  flow  energy  losses  may  be  quite  low.  In  this  design 
(Figure  48),  the  discharge  jet,  the  discharge  elbow,  and  the  pump  are  rotated  together  without  rotating  the 
driving  gear  box.  A  flexible  coupling  takes  care  of  minor  misalignments  between  the  pump  and  the  gear 
box  caused  by  the  rotation  of  the  pump. 

4.4  INCLINED  PROPULSION  PUMP  ARRANGEMENT 

Except  for  the  submerged  pump  with  inclined  shaft  shown  in  Figure  42,  only  propulsion  pumps  with 
horizontal  and  vertical  shafts  have  been  considered  so  far.  However,  an  inclined  shaft  may  also  have  distinct 
advantages  for  waterjet  (rtopulsion  pumps  and  their  drivers  both  located  bove  the  water  surface.  Figure  49 
shows  such  an  arrangement. 

The  intake  is  similar  to  that  indicated  in  Figure  44,  However,  an  inclined  pump  and  duct  system  is 
also  usable  in  connection  with  a  flush  intake.  The  pump  and  its  discharge  elbow  are  similar  to  that  shown 
In  Figure  48  except  that  the  elbow  has  a  much  smaller  angle  of  deflection,  a  factor  which  should  provide 
an  advantage  In  efficiency.  Steering  it  accontpllshed  by  rotating  the  pump  and  Its  elbow  by  fairly  small 
angles  (say,  30  deg).  This  causes  a  slight  change  In  the  Inclination  of  the  jet  against  the  horizontal 
direction.  Thrust  reversal  requires  a  rotation  of  pump  and  elbow  by  about  120  deg  in  order  to  direct  the 
jet  against  a  deflector  located  on  the  side  of  tlie  craft. 
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i)tiit*  miimII  (II  **iii 

li  iliiiiilil  li*  i**ii|iiii*«il  iliMi  Mti  iiiv'liii«il  iiiikiiiiiii  (II  III*  |iiiiii|i  kliill  i(  li)i  nil  ni««nii  liinii»il  i<>  mmni> 
tliiw  ininiiit.  On  ill*  i'iiniiMi> , « •iin||l*>ti<i|i*,  iniK*(Mliiw  |nini|i  wlinw  iiMw'ilU'  t|>**il  li«i  in  ill*  c*ni*i  nl  ili* 
MiMcitU'  ii|i**il  iMiin*  O**  h’t|/[iii«  ('Mil  li*  iiwd  Milv«nuy»(iu»l,v  wllli  m  illiv'luiit*  vnliii*  (l*v«lti|i«(i  «lunil  h 
•4,1  il«lt  (Mnii'Ml  iinluv'*  (Munininn  ili*  unitl*  nl  iiii.'lin«ii(in  a  u  41  (i»|i  wi  iIini  in  (IIivIihiii*  Ii  liK'lin*(t  mimIiim 
III*  Miil»  III'  KiiMiinn  *«  kltiiwn  in  )'i|iuf*  4d,  Huch  *  |iMni|i  wtinitl  li«  lMi|t*i  in  (ii«ni»i»r  Mini  iiniii«i  in  l*niilli 
iliMii  *••  m,himI<IUiw  |niin)v  rm  *i)iimI  ijiiMliiy  in  il«»l|tH,  ili*  «nVi«iu'l*ii  thiniUI  Iw  Mbnui  ih*  imih*  (uUit*  m 
‘HI  |i*i('«ni), 

tl  ilinii  M|i|i«Mu  ilmi  Mil  iiu'lln«(l  iiiinliUin  til'  ili*  |iuin|i  tind  III  di)v«i  ih«  d*ilgn  engineer  MildlilonMl 
Ireednni  ut  MiiMiigenieni  wliit-li  ilmi  d  eiiMhl*  him  in  lediur  Jiki  lnM*i  iiihiiiinitMlIy. 

4,8  ReDUCVION  OP  PUOW  DISTORTIONS 
AT  THE  PUMP  INLET 

l-lnvc  diiinrilnnt  Mie  depuiimet  Inini  ilie  unil'nim  veluviiy  dUlilliniitiiii  liial  ure  iiiiiMlIy  awinned. 

Axially  lyniineirk,  I.*,,  radial,  luinunirniniiiiei  nl  tli*  velnctty  dlilriliuilnn  ‘^an  be  laKen  inin  accuunt  in 
detigninii  an  axially  tyninieiric  van*  syiiein  siit'li  as  u  rntaiing  ni  ilatinnary  van*  sytleni  nl  a  tiirbnniaciiine. 
('ircuniier*nllul  luitmnirnrnillics  can  novei  b*  incnriHitaled  in  lb*  design  ol'  intaling  vane  lyilenis. 

Obvinuily,  any  dopariuies  t'mni  ilie  telnciiv  dUiiibuiinn  auunied  In  ibe  design  prevenii  a  vane  lyiiem 
I'inni  n|iiinial  n|i«ralinn.  At  a  |nnii|i  inlet,  micIi  de|>artiit*i  wilt  lead  in  local  cavitation  *nd  other  diiturbaiicei 
wliicli  sluiiild  be  ex|i*cied  In  lediice  ilie  elOcicncy.  Tlie  laitei  elYect  is  not  well  eitabllibed,  Some  highly 
elllcieni  centrifugal  pninps  have  been  found  to  have  an  aiiMilngly  Hal  elTlclency  curve  over  a  iiibslantlal 
range  of  How  lal*  ill  consiani  speed  of  rolalion.  Therefore,  in  Ibis  case,  substanllal  changes  in  the  angle  of 
attack  at  the  im|(eller  lidei  have  only  minor  effects  on  efllciency.  Turtbernrure,  standard  double-suction 
pumpt  ate  known  to  have  subslanital  circumfereniial  How  disiurlloni  ai  ibe  impeller  Inlet,  yet  efflcioncies 
appruachini!  VO  perceni  have  been  achieved  with  ibis  type  of  pump, 

On  Ibe  oilier  hand,  il  lias  been  eslablisliod  conclusively  ibat  local  cavllaliun  is  strongly  dependent  on 
the  angle  of  attack  al  the  leading  edges  of  lm|>eller  vanes.  At  the  Huid  volociiies  encountered  in  the 
propulsion  pumps  of  hydrofoil  and  captured  air-cusliion  craft,  even  local  cavitailon  miglit  lead  to  severe 
cavitation  damage  under  prolonged  o|)eration  ai  full  speed.  This  suggests  that  How  distortions  at  the  Inlet 
to  propulsion  pum|u  may  cause  unacceptable  cavitation  damage  even  if  ttiey  do  not  seem  to  have  slgniHcant 
effects  on  erflclency. 

Wlienover  the  direction  of  ibe  How  In  (ho  ducts  leading  to  the  pump  must  be  changed,  one  of  the  most 
effective  ways  to  minimlM  How  distortions  Is  the  use  of  vane  elbows.  For  this  reason,  all  inlet  duct  elbows 
simwn  in  this  reimrl  are  of  the  vane  type  (see  Figures  24,  2S,  30,  44,  and  49),  This  is  particularly  im- 
porlani  ahead  of  the  retarding  portion  of  the  inlet  duct  (Figures  44  and  49)  because  How  distortions  arc 
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Figure  49  —  Inclined  Propulsion  Plant  to  Minimize  Chaises  in  Directicn  of  Flow 


r' 

1 

’  rapidly  increased  in  a  retarded  flow.  After  a  retarding  duct  section,  a  vane  elbow  may  have  a  slight 

equalizing  effect  on  a  flow  with  nonuniform  velocity  distribution.  In  any  event,  a  vane  elbow  does  not 
generate  the  large  secondary  motions  which  are  characteristic  of  elbows  without  vanes  in  a  stream  with  non- 
uniform  velocities. 

The  vanes  of  vane  elbows  do  not  need  to  be  expensive  (see  Figures  24,  25,  and  30),  but  they  should 
be  carefully  designed  according  to  the  principles  of  cascade  design.  In  particular,  the  vanes  must  turn 
througli  a  slightly  larger  angle  than  that  through  which  the  direction  of  the  mean  flow  is  to  be  changed. 

Because  of  the  required  retardation  of  the  incoming  flow,  vane  elbows  may  or  may  not  be  sufficient 
to  avoid  major  flow  distortions  at  the  pump  inlet.  This  fact  can  be  established  only  by  experimental  in¬ 
vestigations  of  the  intake  and  duct  before  their  design  is  definitely  established  (experimentation  in  air  at  a 
reasonably  large  scale  is  usually  sufficient.  ept  for  the  intake  cavitation  problem  which  requires  testing  in 
a  water  tunnel). 

If,  despite  a  carefully  developed  intake  and  inlet  duct,  the  flow  distortion  at  the  pump  inlet  is  still 
Judged  to  be  excessive,  it  may  be  necessary  to  use  a  rotating  flow  velocity  equalizer  as  shown  in  Figure  50. 
The  idling  rotor  has  straight,  helical  vanes  with  a  symmetrical,  streamlined  cross  section.  The  stator  vanes 
are  axia  .  Both  vane  systems  have  a  solidity  (ratio  of  vane  length  to  circumferential  vane  spacing)  of  approxi¬ 
mately  unity.  In  the  low  energy  regions  of  the  oncoming  flow,  the  rotor  acts  as  a  pump,  and  in  the  high 
energy  regions,  it  acts  as  a  turbine.  The  duct  cross  section  normal  to  the  axis  of  rotation  should  be 
approximately  constant  through  the  device  with  proper  allowance  for  the  blockage  effect  of  the  vanes. 

This  writer  has  no  information  on  the  effectiveness  of  this  device,  but  it  should  be  helpful  if  carefully 
designed. 

4.6  SUMMARY  AND  CONCLUSIONS 

1.  The  most  conventional  waterjet  propulsion  arrangement  is  probably  that  shown  in  Figure  2  with  pumps 
as  shown  in  Figures  24  and  30  and  perhaps  Figure  36  also.  The  intake  should  probably  be  of  the  nacelle 
type  with  a  vane  system  as  shown  in  Figure  44. 

2.  The  volute  pump  is  the  most  efficient  type  of  centrifugal  pump  (90  percent  efficiency  or  more).  To 
avoid  an  elbow  in  the  discharge  line,  the  volute  pump  requires  a  fairly  large  angle  (45  to  90  deg)  between 
the  direction  of  the  shaft  and  the  direction  of  travel; 

a.  Volute  pumps  with  horizontal  shaft  normal  to  direction  of  travel.  For  single  suction,  see  Figures 
25-27;  for  double  suction,  see  Figure  44. 

b.  Volute  pumps  with  vertical  shaft  (see  Figures  28,  29.  45,  and  47). 

c.  Volute  mixed-flow  pump  with  inclined  shaft,  e.g.,  see  arrangement  similar  to  that  shown  in 
Figure  49. 

3.  All  arrangements  with  the  shaft  not  approximately  in  line  with  the  direction  of  travel  require  a  departure 
from  the  conventional  gas  turbine  configuration,  i.e.,  they  require  a  free  power  turbine  with  its  shaft 
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approximately  at  right  angles  to  the  shaft  of  the  hot  gas  generator.  Admission  of  the  hot  gas  stream  to  the 
power  turbine  by  a  volute  can  be  highly  efficient,  at  least  as  efficient  as  the  conventional  in-line  arrangement. 
Its  development  is  recommended  in  order  to  free  the  design  engineer  from  the  limitation  imposed  by  the 
“conventional"  arrangement  (Item  1  above)  or  by  the  inefficient  TUCUMCARI  arrangement. 

4.  Axial-How  propulsion  pumps  can  be  used  in  an  in-line  configuration  (Item  1  and  Figure  30),  in  vertical 
position  (Figures  45a45c  and  Figure  48),  and  in  an  inclined  position  (Figure  49).  They  are  smaller  and 
lighter  than  other  pumps  (including  the  water  contents),  but  they  are  probably  more  costly  to  produce  than 
single-stage,  radial-  or  mixed-flow  pumps.  Their  efficiency  approaches  that  of  the  best  centrifugal  pumps 
(90  percent).  They  probably  have  the  lowest  amplitude  of  discharge  pressure  pulsations  because  of  the 
large  number  of  vanes.  The  energy  in  the  stream  leaving  an  axial-flow  multistage  pump  is  quite  low  com¬ 
pared  with  the  head  of  the  machine;  therefore,  a  well-designed  discharge  elbow  as  indicated  diagrammatically 
in  Figures  48  and  49  should  have  very  small  losses. 

5.  Flow  distortions  at  the  pump  inlet  may  be  serious  from  the  viewpoint  of  cavitation  damage.  Vane  elbows 
and  other  good  design  principles  of  the  inlet  ducting  may  help  to  minimize  flow  distortions.  If  good  design 
of  stationary  duct  parts  is  not  sufficient  to  meet  this  challenge,  a  rotating  flow-velocity  equalizer  (Figure  50) 
may  give  significant  improvements. 

6.  Inclined  pump  and  ducting  may  offer  the  possibility  for  substantial  reduction  of  duct  losses  (Figure  49). 


CHAPTER  5.  PRELIMINARY  DESIGN  OF  THE  HYDRODYNAMIC 
PROPULSION  PLANT  FOR  A  HYDROFOIL  BOAT 


5.1  DESIGN  SPECIFICATIONS 

The  prescribed  specifications  and  assumptions  for  the  design  example  to  be  presented  in  this  chapter 
are  as  follows: 

Ship  configuration  (see  Figure  51)  and  weight  (403,200  lb) 

Lift/drag  curve  (see  Figure  52) 

Design  speed  (optimum  cruise)  =  40  knots 

Specific  fuel  consumption  (SFC)  =  0.5  (constant  at  40  knots) 

Takeoff  speed  =  25  knots  or  less.  Thrust  margin  at  takeoff  must  be  at  least  20  percent  to  account 
for  extra  drag  which  occurs  in  rough  water. 

Maximum  speed  =  48  knots 

Negligible  variation  in  strut  drag  with  duct  size,  i.e.,  constant  LjO  curve 
Weight  of  prime  mover  with  gear  box  installed  =  1.2  Ib/hp 
Weight  of  fuel  plus  propulsion  system  weight  =  1 34,400  lb 

The  prescribed  lift/drag  characteristic  given  in  Figure  52  was  converted  to  a  drag/lift  curve  as  used  in 
this  report  (Figures  3  and  21).  It  is  shown  in  Figure  53  together  with  two  approximate  propulsor  thrust 
curves  at  two  constant  speeds  of  rotation.  One  curve  is  required  for  40  knots  and  the  other  for  48  knots 
(see  Figures  21  and  22).  The  curve  through  the  40-knot  point  docs  not  quite  meet  the  20  percent  thrust 
margin  requirement  whereas  that  through  the  48-knot  point  exceeds  this  requirement  confortably. 

The  thrust  curves  shown  in  Figure  53  have  been  drawn  first  under  the  assumption  that  AF/Fq  =  0.65. 

It  will  be  seen  that  A  F/F(,  =  0.75  was  finally  chosen.  This  leads  to  the  somewhat  flatter  thrust  curves 
indicated  by  the  dash-  and  dot-curves  of  the  figure.  The  substantial  thrust  margin  at  the  speed  of  rotation 
corresponding  to  48  knots  over  the  20  percent  requirement  is  certainly  sufficient  to  meet  the  pump  cavitation 
problem  connected  with  speeds  of  rotation  higher  than  that  required  at  the  40-knot  point.  An  exact  answer 
to  the  cavitation  problem  can  be  obtained  only  by  cavitation  testing  the  propulsion  pump. 

Furthermore,  it  is  rather  comforting  to  observe  on  Figure  53  that  the  drag  increase  from  40  to  48 
knots  is  somewhat  less  than  by  the  square  of  the  speed  of  travel.  The  two  ‘‘thrust  parabolas”  shown  are 
drawn  under  the  assumption  that  the  speed  o)  rotation  increases  proportionally  to  the  speed  of  travel.  If 
this  is  done  in  going  from  40  to  48  knots,  the  thrust  will  increase  faster  than  the  drag.  In  other  words,  to 
balance  the  increasing  drag,  the  speed  of  rotation  can  be  increased  sliglitly  less  than  the  speed  of  travel 
(disregarding  the  extra  thrust  required  to  accelerate  the  craft). 

Finally,  the  case  considered  here  is  favorable  because  the  minimum  speed  at  which  a  relatively  higli 
thrust  is  required  ("hump"  condition)  is  just  about  one-half  of  the  cruising  speed  (40  knots)  and  about 
40  percent  'f  the  maximum  speed  of  travel.  These  comparatively  high  ratios  ease  the  cavitation  problem  at 
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low  speed  (20  knots)  and  make  it  unnecessary  to  design  for  extremely  high  suction  specific  speeds  at  low 
speed  of  travel.  This  will  avoid  or  minimize  the  need  to  compromise  the  design  in  favor  of  the  low-speed* 
of-travel  condition.  In  this  connection,  the  fairly  conservative  maximuhi  speed  of  travel  is  also  an  advantage. 
Figure  23  shows  that  the  suction  specific  speed  at  20  knots  does  not  need  to  be  greater  than  twice  the 
suction  specific  speed  at  cruising  and  maximum  speed  of  travel. 

Before  turning  to  specific  aspects  of  the  design  example  to  be  discussed,  it  seems  prudent  to  call 
attention  to  the  limits  set  by  the  general  scope  and  practical  extent  of  this  report. 

The  design  of  the  propulsion  plant  for  a  hydrofoil  boat  as  described  in  the  specifications  is  a  major 
undertaking.  It  exceeds  the  intended  scope  of  this  report  by  several  orders  of  magnitude.  This  is 
particularly  true  because  the  propulsion  of  new  types  of  vehicles,  such  as  hydrofoil  craft,  requires  the 
development  of /rew  forms  of  machinery  and  mechanisms  in  order  to  obtain  favorable  results.  In  this  light, 
the  original  engineering  effort  applied  to  a  craft  as  described  in  the  specifications  should  be  expected  to  be 
much  greater  than  that  connected  with  a  new,  but  more  conventional,  ship  with  a  tonnage  a  hundred  times 
that  specified  here.  It  must  also  be  considered  that  the  200-ton  craft  considered  here  may  be  the  “model” 
for  between  100  and  1000  vehicles  of  its  type.  From  this  point  of  view,  the  development  of  new  forms  of 
machinery,  structures,  and  mechanisms  must  receive  the  same  attention  as  that  given  to  the  development  of 
a  new  type  of  aircraft  or  spacecraft. 

In  view  of  these  facts,  the  question  arises  as  to  what  the  present  very  modest  effort  can  be  expected 
to  ■'.ccomplish.  The  answer  is  twofold.  It  can  and  must  demonstrate  the  application  of  the  principles  out¬ 
lined  in  the  previous  chapters  to  a  particular  design  example.  It  must  also  demonstrate  that  the  answers  so 
obtained  do  not  involve  obvious  contradictions  or  impossibilities.  Tlierefore,  the  design  forms  suggested  in 
the  following  cannot  be  expected  to  present  proven  po.ssibilities.  At  best  they  suggest  ways  in  which  the 
design  problems  presented  can  be  solved.  The  intent  is  to  stimulate  the  design  engineer  to  think  about  as 
yet  untried  solutions  of  the  design  problems  that  confront  him.  Details  of  the  designs  suggested  are  in¬ 
cluded  only  to  demonstrate  the  existence  of  the  problems  rather  than  their  most  useful  solutions.  The  term 
“preliminary  design”  is  probably  too  optimistic,  “/zw-preliminary  design”  may  be  more  appropriate  for 
something  which  suggests  a  direction  in  which  preliminary  design  studies  should  be  conducted.  Yet  it  is 
hoped  to  point  out  that  many  design  details  deserve  serious  consideration  in  the  earliest  phases  of  design. 
General  design  forms  are  chosen  in  these  very  early  phases,  and  it  is  then  that  either  fatal  mistakes  or  con¬ 
structive  and  fruitful  decisions  are  formulated  which  later,  necessary  refinements  can  neither  correct  nor  im¬ 
prove  fundamentally. 

5.2  CHOICE  OF  THE  GENERAL  FORM  AND 
ARRANGEMENT  OF  THE  PROPULSION 
PLANT 

The  specified,  very  genera!  arrangement  suggested  by  Figure  51  indicates  two  vertical  inlet  ducts  on 
the  two  sides  of  the  craft  similar  to  those  used  on  TUCUMCARl  (Figure  43).  The  shortcomings  of  the 
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TUCUMCARI  arrangement  and  its  possible  improvements  have  been  described  in  Section  4.2  and  will  not  be 
repeated  here.  This  description  leads  to  the  conclusion  that  the  propulsion  pumps  should  be  placed  on  top 
of  each  of  the  vertical  foil-supporting  struts.  Three  possible  propulsion  pump  arrangements  and  forms  have 
been  shown  in  Figures  2,  24,  and  30  with  the  pump  shaft  approximately  in  the  direction  of  travel  and  in 
Figures  26,  25,  44,  28,  and  48  with  the  pump  shaft  at  riglit  angles  to  the  direction  of  travel.  All  arrange¬ 
ments  shown  in  these  illustrations  place  the  propulsion  pump  close  to  the  top  of  the  hydrofoil  support 
strut  and  vertical  suction  duct,  and  they  avoid  a  change  in  the  direction  of  the  flow  after  the  propulsion 
pump.  Only  the  vertical  shaft  arrangements  (Figures  28  and  48)  avoid  a  change  in  the  direction  of  the 
suction  flow  between  the  vertical  suction  duct  and  the  pump  impeller  inlet. 

The  cross-shaft  arrangements  shown  in  Figures  26,  25,  and  44  have  the  reliability  advantage  that  two 
driving  gas  turbines  make  it  possible  to  maintain  symmetrical  propulsion  with  one  driving  turbine  in  case 
the  other  foils.  Wliether  it  would  be  possible  to  maintain  the  craft  on  the  foils  with  one  turbine  can  be 
estimated  by  means  of  the  curves  in  Figure  53. 

The  effective  propulsion  power  is  obviously  the  drag  (or  resistance)  times  the  speed  of  travel.  The 
minimum  foilborne  power  requirement  is  near  the  trough  of  the  drag  versus  speed-of-travel  curve  at  35 
knots;  it  is  proportional  to  2.19  knots  (i.e.,  0.0625  x  35  knots).  The  maximum  power  requirement  is  ob¬ 
viously  at  the  maximum  speed  of  48  knots  at  drag/lift  =  0.088;  it  is  proportional  to  4.22  knots  (i.e.,  0.088  x 
48  knots).  Hence  if  the  driving  turbines  develop  their  maximum  power  at  48  knots,  one  turbine  will  not  be 
able  to  propel  the  craft  at  35  knots  even  under  the  favorable  assumption  of  the  same  efficiency  of  propulsion 
under  both  operating  conditions  considered.  Actuaily,  the  power  available  from  one  turbine  is  less  than  one- 
half  the  power  of  two  turbines  on  the  same  shaft  because  of  the  windage  losses  of  the  idling  turbine.  This 
makes  it  very  dubious  whether  foilborne  operation  would  be  possible  with  one  turbine  incapacitated  even  at 
a  still  lower  speed,  say,  29  knots.  The  power  required  would  be  only  about  5  percent  less  than  one-half  the 
pov/er  at  48  knots  whereas  the  windage  losses  may  well  be  considerably  more  than  5  percent. 

Wliether  hullborne  operation  with  less  than  one-half  power,  or  the  installation  of  turbines  with  more 
power  than  required  for  48  knots,  would  justify  the  use  of  the  cross-shaft  arrangements  shown  in  Figures  26 
and  44  cannot  be  decided  on  the  basis  of  the  technical  specifications  given.  In  any  event,  the  cioss-shaft 
arrangement  must  be  given  serious  consideration;  this  includes  the  problem  of  how  in  this  case  to  deflect 
the  Jets  for  steering  and  reversing  of  the  thrust. 

For  the  present  study  it  was  decided  to  use  a  vertical-shaft  unit  on  top  of  each  of  the  vertical  struts 
of  the  rear  foils.  The  craft  is  steered  and  thrust  reversed  by  rotation  of  the  pump  casing  as  shown  in  Figure 
28.  Since  the  jet  velocity  is  unaffected  by  changes  in  the  direction  of  the  jet,  single-engine  operation  may 
indeed  be  possible  with  this  arrangement  by  deflecting  the  jet  so  that  its  thrust  passes  through  the  center  of 
the  resistance  of  the  craft  with  one  engine  not  operating.  It  must  be  considered  that  the  vertical  foil 
struts  (enlarged  because  they  also  serve  as  inlet  ducts)  can  sustain  a  substantial  side  force.  The  practical 
feasibility  of  this  form  of  operation  can  be  proven  or  disprove!)  only  by  model  and  full-scale  experiments. 
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In  addition  to  the  advantage  of  vertical-shaft  units  for  steering  and  reversing,  the  elimination  of  one 
change  in  direction  of  flow  on  top  of  the  vertical  suction  duct  should  result  in  a  reduction  of  the  inlet  duct 
losses;  these  have  been  shown  to  be  of  major  importance.  The  foregoing  decision  on  arrangement  will 
therefore  be  accepted  without  further  investigation.  A  more  detailed  evaluation  can  be  conducted  only  on 
the  basis  of  fairly  extensive  design  studies  of  various  arrangements  which  fall  outside  of  the  scope  of  this 
report. 

5.3  DIMENSIONLESS  DESIGN  OF  THE  INTAKE 
NACELLE  AND  DUCTING  AND  ESTIMATE 
OF  THEIR  LOSSES 

The  intake  structure  will  be  assumed  to  be  a  nacelle  of  the  general  type  shown  in  Figure  44  connected 
with  a  duct  which  externally  must  be  streamlined  so  as  to  minimize  its  skin  friction  and  form  drag  in  the 
submerged  regions  as  well  as  to  minimize  the  wave  drag  where  this  strut  passes  through  the  open  water  sur¬ 
face.  The  external  shape  of  nacelle  and  strut  has  been  given  only  qualitative  consideration  since  external 
flow  problems  are  not  part  of  this  study. 

For  the  reasons  given  in  Section  5.2  (Figure  53),  flow  conditions  at  48  knots  can  safely  be  regarded  as 
similar  to  those  at  40  knots  and  will  therefore  not  be  given  separate  consideration.  The  only  flow  conditions 
considered  will  be  those  at  40  knots  and  at  20  knots,  except  for  power  and  some  cavitation  considerations. 

Figure  54  shows  the  nacelle  design  which  will  be  developed  in  the  following.  Dimensions  in  feet  will 
be  derived  in  the  following  section  and  are  to  be  disregarded  for  the  present.  Only  the  dimensions  given  in 
terms  of  the  intake  diameter  D|  are  considered  in  the  present  section. 

From  the  specifications  and  Figure  52,  one  can  derive  the  following  data: 


Speed  of  Travel 

Drag/Lift 

Drag 

knots 

lb 

20 

33.8 

0,0909 

36,600 

40 

67.6 

0.0665 

26,800 

The  ratio  of  “prediffusion,’’  i.e.,  the  velocity  at  the  intake  cross  section  with  diameter  divided  by 
the  velocity  of  travel  (approach),  will  be  assumed  to  be  0,85  at  40  knots.  This  is  conservative  with  respect 
to  cavitation  on  the  outside  of  the  nacelle,  A  lower  ratio  would  have  been  more  efricient  Internally  but 
might  involve  external  cavitation  problems. 

The  velocity  in  the  intake  (diameter  Dj)  at  40  knots  is  therefore: 

F,  *  0.85  Vq  »  0.85  X  67.6  ft/sec  *  57.46  ft/wc  (5,1) 

At  20  knots,  the  intake  nozzle  must  be  opened  up  in  order  to  avoid  excessive  acceleration  and  inter¬ 
nal  cavitation  of  the  incoming  flow.  Two  ways  to  do  this  are  indicated  diagrammatically  in  Figure  54.  It 


1.14 


i.a  0,  -  iir 


will  be  uiisumcci  that  at  20  knots  the  incunting  flow  ii  neither  accelerated  nor  retarded  heioro  reaching  the 
internal  cross  section  with  diameter  immediately  In  front  of  the  vane  syitem  that  turn*  the  How 

vertically  upward.  Tills  means  that  the  velocity  in  this  cross  section  is  .WK  ft/sec  at  20  knots, 

For  a  fixed  discharge  norzie  area  (as  will  be  as.sumed  here),  the  rale  of  How  at  20  knots  Is  (according 
to  Figure  39)  approximately: 


0.945 

where  G40  the  rate  of  How  at  the  cruise  velocity  of  40  knots.  Hence; 

TT  ir 

-j~  X  33.8  ft/sec  »  0,945  »  0,945  - —  x  57.46  ft/sec 


^2  ./  0  945  x‘57.4S 

D,  '  V  33.8 


1.267 


(5.2) 


(5,.l) 


as  given  in  Figure  54. 

The  length  of  the  conical  diffusor  from  Df  to  Oj,  which  is  2.7  Oj ,  implies  an  Included  diffusor  angle 
arc  tan  0.267/2,7  =  5.6  deg,  and  this  is  quite  reasonable. 

Afts'  the  turning  vane  system,  the  velocity  will  be  the  same  as  in  front  of  the  system,  hut  the  cross 
section  must  fit  into  a  faiiiy  long  and  thin  support  strut  of  the  nacelle  and  the  hydrofoilfs)  connected 
therewith.  After  a  process  of  trial  and  error,  It  was  decided  to  place  the  vane  system  at  an  angle  of 
21.8  deg  against  the  horizontal  axis  of  the  nacelle,  with  tan  21.8  deg  ■  0.4,  which  is  geometrically  con* 
venient.  The  horizontal,  elliptic  flow  section  above  the  vane  system  has  a  major  axis: 


a  =  ZJj/O.A  =  3.168  Z), 


and  a  minor  axis 


^2 

ft  =  -  =  0.4  £2,  =  0.5  X  D, 

a 

In  order  to  account  for  the  boundary  layers,  the  minor  axis  was  actually  made  10  percent  larger,  i.e,, 
1.1  I)  =  0.55  Z)j.  This  elliptic  flow  section  is  shown  as  Section  C-C  in  Figure  54. 

The  design  of  the  vane  system,  and  elements  of  its  development  are  shown  in  Figure  55.  A  first 
approximation  was  obtained  by  the  “mean  streamline”  method  described  in  Chapters  27  and  29  of 
Reference  2.  By  successive  approximations  one  arrives  at  the  dimensionless  “design”  vane  pressure  distri¬ 
bution  shown  on  the  right  side  of  Figure  55a.  This  as.sumed  pressure  distribution  is  plotted  against  the 
normal  extent  of  the  “mean  streamline”  derived  from  this  pressure  distribution  rather  than  against  the 
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iHumil  ol  ih»  vtine  iimII,  iitfininn  "itooHir'  lo  ih»  ttf  IIm  kyitvm  Th»  A|hit«t 

diwn  lit  to  ih«  in«ktuiv  tiilUiviuif  •(«  ihtM 

lv\  it)«  l(K'«l,  ifAveiw  Thu  (uiuhti'i  tUufiuin#*  ih«  vfhu'M)'  i<h«u|i«  in  ihi^  v«ni>>iU'V«n« 

(lir(>cilon  ol  ih«  ttyiitiu,  Th«  vim#  «hi»|>«  Iumh  ihu  iliiuihiiiiuii  hy  tu«iiu  iti  ihf  "niMii 

iiir«iinillii«''  u  khowii  by  «  h^)i^«^-/iNt*  tnititmi  on  ih«  l#ll  tnW  ol  t’i|iui«  55« 

TliP  v«n<>  «o  ohi«in«ii !« funntt  to  h«v0  tin  nniMkointbiy  low,  noinitl  duutu'f  htiwt«n 
inK\'«Miv«  vion»«  at  ilu  ilUt;hai|ia  Ki(l«  o*'  iha  lyaiani,  A  vnoiaw'iion  ot  ihii  iialivi  laatJk  apikmaimauly  lo  ih# 
van#  ihjiHi  tliown  in  loliti  |in«i, 

Tha  (.'hannal  whiih  noiinal  to  ih»  vanv  diap*  i«  alio  altown  in  I'ljinia  h  u  ntatM  to  vaiiy  oni 
ih«  al'oi«in«ntioneil  oparaiioni)  ot  ihi»  inaan  tuaainlina  inailnul.  iha  tlatainhnaiion  i<!  iha  ntaan  vahn'iiy 
vaciofk  wllliln  tha  lyilani  lak»«  ihv  vaiialioiu  ot'  ihu  wnlth  into  aiv'ouni  it  a  ona-tlliiwnsitMial  inannvi,  Tha 
iiavaita  (latMtia  wiilih  u  Uiown  ioi  iha  nukitnoin  wulih  at  lha  loia  anti  ait  tanta;  ol  the  lyiiam.  Th#  anila 
ol'  conv«tit«nca  of  lha  laiatal  walli  ol  lha  tviiiant  u  lhaiarota  laaiK'atl  naai  iha  loiwaiU  and  alt  ditli  ol  iha 
ttiininti  vana  tyiiain. 

Tha  llh  coaflU'lant  of  tha  vanat  ohiainail  by  intagiaiion  of  lUa  dimanuonlau  vana  i<iautiia  tiiaiian)  ii 
with  rolaranta  lo  ilta  inlat  va|oi'ii.\  1'^  of  ilta  vyiitain.  SVnh  lafaianca  ik>  iba  vat'ioiial  inaan 
ralallvo  valocity  I',  iba  llfi  cttaflUiani  l',  is  l,n.  Ihu  U  Mill  aivaitlabla  inainnich  aa  thaia  ii  practivally 
no  kiatic  pratiuio  rita  front  inlai  to  tiitchartta  of  ihii  vyitaiit. 

Tlia  ratio  of  vane  laitytli  to  tpat'lna  t  ("aolltlity")  can  Ih  calctilaiail  iront  tha  faiitiliar  avpiauiitn 
foi  the  lift  coafnotanl 


or 

v  :  « 

7“  fT: 

where  U  the  change  of  tha  lltiitl  velocity  parallel  lo  the  vana  ayilam,  anti  I',  ii  the  vectorial  mean  be¬ 
tween  the  Inlet  ami  discharge  velocity  I'j  to  and  from  tha  vane  lyitem.  The  solidity  Is  fonnd  to  he  f  li 
■  2..t  This  deierinines  the  vane  s(>acing  r  ft>i  a  given  vane  length  I’ 

The  vane  pressure  dllYerence  on  which  the  mean  streamline  solution  was  based  shttuld  guarantee  with 
some  degree  of  approxlmalioit  that  there  are  ito  rrm'or  local  treaks  of  tha  vane  prauuie  differaitce  and 
therefore  no  major  negative  peaks  of  pressure  on  the  low-piessure  tide  of  the  vane.  The  correction  of  the 
varte  sitnpe  front  that  connected  with  the  ntean  sireamlirte  nreihod  sliould  tend  to  reditce  the  pressure 
dilferericos  over  the  trailing  parts  of  the  vanes.  According  lo  the  mean  streamline  method,  the  minimmit 
pressure  coeincletti  with  reference  to  ihe  system  ittlel  velocity  Fj  Is  about  ().4S.  This  tltould  ptevoni  sig- 
nincattl  cavitation  uttder  the  must  unfavorable  How  condilioits  present  at  20  knots. 

I.t7 
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In  view  of  the  change  in  vune  shape  from  the  broken  to  the  solid-line  contour  shown  in  Figure  S5a,  it 
is  desirable  to  have  an  independent  check  on  the  expected  performance  of  the  revised  vane  shape.  This 
check  is  accomplished  approximately  by  an  analysis  of  the  velocity  distribution  in  the  vane  section  A-B 
sliown  in  Figure  SSb.  The  slope  of  the  velocity  distribution  curve  is  determined  from  the  radius  of  cur¬ 
vature  R  of  tlic  streamlines  on  tlte  basis  of  the  relation  for  irrotational,  plane  flow; 


where  n  is  the  coordinate  across  and  normal  to  the  flow.  Starting  from  the  mean  velocity  in  cross  section 
A-B  (determined  from  the  condition  of  continuity)  the  above  equation  was  used  to  obtain  the  tangents  for 
the  voioclty  distribution  curve  shown  in  Figure  SSb. 

Tiie  vane  pressures  corresponding  to  the  velocities  so  determined  at  Points  A  and  B  are  indicated  on 
Figure  S5a  as/J^  and  Pg.  They  are  higher  than  the  vane  pressures  originally  assumed.  Since  the  mean 
pressures  derived  by  the  Bernoulli  equation  from  the  mean  velocities  shown  in  Figure  SSa  are  also  higher 
than  those  originally  assumed,  this  departure  from  the  design  pressure  distribution  is  quite  reasonable.  Recall 
also  that  the  vane  curvature  was  considerably  reduced  over  the  aft  ends  of  the  vanes  and  that  the  overall 
vane  length  was  increased. 

If  the  lO-percent  allowance  for  boundary  layer  displacement  is  disregarded,  the  vertical  discharge 
velocity  from  the  vane  system  in  the  nacelle  should  be  the  same  as  the  vane  system  inlet  velocity  F,.  This 
gives  33,8  ft/sec  at  20  knots,  and  about  33.8  ft/scc  x  “  ■^5.8  ft/sec  at  40  knots. 

The  inlet  velocity  to  the  pump  impeller  can  best  be  calculated  fioiii  ilic  ratio  ,  where 

is  the  meridional  or  axial  inlet  velocity  to  the  impeller.  According  to  Figure  15,  the  ratio  2gH,JV^^ 

should  lie  between  3  and  4.  It  should  be  as  low  as  possible  to  avoid  unnecessary  retardation  of  the 

iticoming  How.  Therefore  a  value  =  3  will  be  assumed  here  for  the  20-knot  condition  which  is 

/■ 

known  to  be  the  more  severe  with  respect  to  cavitation. 

The  total  inlet  head  of  tlic  pump  impeller  may  be  estimated  according  to  Equation  (3.34): 

//,^MI-A)  (3.34) 

The  duct  loss  cocfricicnt  A'  will  be  calculated  below  to  be  about  0.42  at  20  knots.  The  static  intake 
head  is  about  31  It  in  sea  water,  and  according  to  Figure  51.  may  be  assumed  to  be  not  over  6  ft. 

At  20  knots.  =  17.8  ft.  Hence: 

=  0.58  X  17.8  ft  +  25  ft  =  35,3  ft  (5.4) 

and  with  =  3, 
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=  27.5  ft/sec 


(5.5) 


Therefore,  there  is  only  a  slight  retardation  from  =  33.8  ft/sec  to  the  impeller  inlet.  !t  will  be  seen 
later  that  one  will  probably  first  retard  to  a  lower  velocity  than  27.5  ft/sec  and  then  reaccelerate  to  the  im¬ 
peller  inlet.  This  will  give  a  reasonably  uniform  inlet  velocity  distribution  despite  the  change  from  the  long 
cross-sectional  shape  inside  the  strut  to  the  circular  cross  section  at  the  impeller  inlet. 

Now  estimate  the  head  drop  from  intake  to  the  pump  impeller  inlet  for  the  20-lcnot  condition: 

Approximate  the  intake  passage  as  a  straight  pipe  with  a  length-to-diameter  ratio  of  3.  With  a  pipe 
friction  coefficient  of  0.02  (corresponding  to  a  roughness-to-dianieter  ratio  of  about  0.001  to  account  for 
other  irregularities,  the  intake  head  drop  is  =  0.06  V^jlg.  For  well-designed  turning  vane  systems  such 

as  considered  here,  a  head  loss  =0.16  V^l2g  has  been  measured,  where  for  the  20-knot  condition  Kj 
=  ^0- 

Preliminary  studies  indicate  that  it  is  reasonable  to  assume  a  length-to-diameter  ratio  of  10  for  the 
vertical,  diffusing  suction  duct.  By  using  the  same  pipe  friction  coefficient  of  /  =  0.02,  as  before,  and 
estimating  the  head  loss  in  a  diffusing  passage  by  the  velocity  head  at  its  inlet,  the  head  loss  in  the  vertical 
suction  duct  may  be  estimated  to  be; 

=  10  X  0.02  V^-ng  =  0.2  y^/2g 


Hence,  at  20  knots,  the  total  head  loss  from  intake  to  pump  impeller  inlet  may  be  estimated  to  be 


h,  =(0.06  +  0.16  +  0.2)  y}/2g 
‘■20  ” 

=  0.42  y^l2g 


(5.6) 


The  factor  0.42  is  obviously  the  duct-loss  cocTicient  K  as  appearing  in  Figures  4  and  5  (application  to  the 
20-knot  condition  only). 

The  essential  characteristics  of  the  propulsion  plant  must  be  derived  on  the  basis  of  the  cruise  con¬ 
dition  (40  knots)  because  it  is  at  that  speed  that  optimum  efficiency  is  required.  Under  these  conditions, 
the  entire  flow  enters  through  the  front  nacelle  opening  with  diameter  .  1  he  velocity  in  the  cross 
section  with  diameter  ZJj  (after  the  intake  diffusor  but  in  front  of  the  turning  vane  system)  is 


^2  = 


57.45  ft/sec 
1.266^ 


=  35.82  ft/sec 


(5.7) 


The  total  head  loss  from  the  intake  to  the  pump  impeller  inlet  may  now  be  estimated  as  follows  by  using 
the  same  coefficients  as  before  except  0.2  for  the  vane  system  loss; 
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=  0.06  K,2/2#=  0.06  V^I2g{V^^IV^) 

=  0.20  V^l2g  =  0.20  V^I2g{V^IV^) 

=  0.20  V^Hg  =  0.20  K(//2j?  (K22/P'o2) 

The  loss  coefficient  0.2  for  the  vane  system  accounts  for  the  nonuniformity  in  distribution  at  its  inlet 
(a  result  of  the  diffusion  in  front  of  i>;'  inlet). 

Since  V^jV^  =  0.85^  =  0.724  and  =  (35.8/67.6)^  =  0.2808,  one  obtains  for  the  total  head 

loss  from  intake  to  pump: 

=  (0.04345  +  2  X  0.05616)  V^I2g  =  0.156  V^I2g  (5.8) 

i.e.,  the  K  factor  in  Figures  4  and  5  is  0.156  at  40  knots  and  Fj/Fq  =  0.85. 

5.4  SELECTION  OF  THE  JET  VELOCITY  RATIO 

A  f/Fq  and  determination  of  the  rate 

OF  FLOW,  PUMP  HEAD,  AND  DIMENSIONS 

According  to  Equation  (2.15),  the  duct-loss  coefficient  K  (determined  at  the  end  of  Section  5.3  for 
40  knots),  the  jet  elevation  A/;^  =  7  ft  (according  to  Figure  51),  and  the  nacelle  drag  coefficient  Kj  (yet  to 
be  determined)  establish  the  jet  efficiency  t).  as  a  function  of  the  jet  velocity  ratio  AF/F^  =  (F.  -  Fjj)/Fq. 

In  this  determination  one  can  use  Figure  5  and  replace  K  in  that  figure  by  K  +  2a'q  A/yF^^*.  It  can  be 
immediately  read  from  Figure  7  that  at  40  knots,  2/fQA/r/F(,"  =0.1.  On  the  other  hand,  the  nacelle  drag 
coefficient  Kj  can  only  be  estimated  from  experience  with  other  submerged  bodies.  Here  it  will  be  assumed 
to  be  0. 10.  (This  coefficient  is  used  to  express  only  the  excess  in  external  drag  over  what  would  exist  if 
the  vertical  struts  were  to  serve  solely  as  supports  for  the  hydrofoils.) 

With  the  before-stated  values  and  assumptions,  and  with  K  +  2jfpA/yFp"  =  0.256,  Equation  (2.15) 
assumes  the  form: 


1-0.1  F„/2  AF 

A  F  ^^0 

1  +  -  +  0.256  - 

2Fo  2AF 


(5.9) 


which,  of  course,  does  not  include 
Figure  56  as  a  brok<’n  line  marked 
K  +  .  This  diagram  is 


punrp  and  gear  box  losses.  The  evaluation  of  this  equation  is  shown  in 

0.256.  The  figure  also  includes  other  n.  curves  for  nearby  values  of 

M 

obviously  an  enlarged  view  of  part  of  Figure  5  for  Kj  =  0. 10, 


The  maximum  value  for  occurs  with  K  +  liQ^s^hjlVQ  =  0.256,  evidently  at  slightly  less  than 
AVIVq  =  0.65.  At  first  glance,  this  appears  to  be  a  good  choice  for  this  ratio,  and  it  was  used  in  pre¬ 
liminary  calculations.  However,  the  fact  that  n.  varies  between  =  0.57  and  ^V/Vq  =  0.75  only 

'4 

from  0.604  to  0.6065  indicates  that  the  maximum  of  such  a  flat  curve  alone  is  a  fairly  poor  criterion  for 
choosing  a  value  of  AK/Kq.  To  overcome  this  difficulty,  it  is  necessary  to  violate  for  a  moment  the  specifi¬ 
cations  that  there  must  be  negligible  variation  in  strut  drag  with  duct  size  (i.e.,  constant  LjD  curve).  Over 
the  range  just  mentioned,  the  changes  in  t]j  for  constant  Ky.  may  well  be  smaller  than  chang  s  that 

result  in  Ky.  because  of  the  fairly  large  changes  in  Af^l^o  considered. 

For  the  rate  of  flow  calculated  with  AF/K^  =  0.65,  the  submerged  strut  surface  area  (one  strut)  was 
estimated  to  be  approximately  60  ft"  and  the  surface  area  of  one  nacelle  about  130  ft^,  for  a  total  of  about 
190  (r.  The  minimum  strut  area  required  to  merely  support  the  hydrofoils  was  estimated  to  be  about  70  ft 


for  one  strut  (7-ft  length  x  5-ft  depth  x  2).  When  the  strut  is  also  used  as  intake  nacelle  and  duct,  the  area 
increase  is  therefore  about  120  ft^  for  AV/Vq  =  0.65. 

To  maintain  a  desired  thrust,  the  rate  of  flow  is  inversely  proportional  to  AV/Vq  (at  constant  speed 
of  travel).  The  strut  area  changes  for  similar  cross-sectional  shape  with  the  square  root  of  the  rate  of  flow. 

This  is  so  because  the  depth  of  submergence  is  constant  whereas  the  nacelle  surface  area  changes  proportionally 


to  the  rate  of  flow  (constant  diameter-to-length  ratio). 

For  a  step  from  AF/Fq  =  0.65  to  AF/Fq  =  0.75,  the  strut  surface  area  changes  to  60  ft^  x  (0.65/ 
0.75)’^^  =  55.8  ft^;  the  nacelle  surface  area  also  changes  to  130  ft^  x  0.65/0.75  =  1 12.7  ft^.  This  gives  a 
total  of  168.5  ft^  or  an  excess  of  approximately  100  ft^  over  the  minimum  strut  area  (70  ft^). 

For  similar  flow  cross  sections,  the  surface  area  of  the  strut  is  proportional  to  its  frontal  area.  This 
may  well  be  assumed  to  be  proportional  to  the  wave  drag  at  the  free  surface.  Thus  the  total  drag  follows 
the  same  law  as  the  skin-friction  drag.  Therefore,  the  drag  coefficient  Cy.  may  be  expected  to  be  reduced 
proportionally  to  the  “excess”  surface  area,  i.e.,  in  the  ratio  100  to  120.  Since  a  0.1  difference  in  drag 
coefficient  Cy.  changes  the  efficiency  t]-  by  about  0.05  of  its  scale  (see  Figure  5),  a  change  in  Cy.  by  the 
ratio  of  100/120  =  0.833  should  increase  tj.  by  0.84  percent  points  of  its  scale,  for  example,  from  60.4  to 
61.2  percent  at  A  F/Fq  =  0.75,  as  shown  by  the  arrow  in  Figure  56.  This  implies  that  the  actual  Jet 
efficiency  would  be  higher  at  AF/F^  =  0.75  than  at  0.65.  In  fact,  there  is  no  reason  to  assume  that 
AF/Fq  =  0.75  would  lead  to  an  optimum  in  since  even  higiier  values  of  AF/Fq  might  give  better 
efficiencies.  However,  in  agreement  with  the  aforementioned  specification,  there  is  no  reason  to  assume  that 
the  above  simple  reasoning  would  apply  to  larger  changes  in  AF/Fq. 

In  view  of  the  foregoing  considerations,  it  is  reasonable  to  conclude  that  AF/Fq  =  0.65  does  not 
constitute  a  true  optimum  value  of  this  ratio,  and  that  AF/Fg  =  0.75  is  closer  to  such  an  optimum.  As  a 
consequence,  AF/Fg  =  0,75  was  selected  as  the  jet  velocity  increase  ratio  to  be  used  in  this  study  without 
further  justification. 

Here  it  must  be  considered  that  the  increase  in  AF/Fg,  specifically  the  resulting  reduction  in  the  rate 
of  pump  flow,  will  reduce  the  pump,  gear  box,  and  duct  weight  including  the  weight  of  the  water  contained 
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in  parts  located  above  the  free  water  surface.  On  the  otiicr  hand,  the  •'  ct  friction  losses  miglit  increase 
because  the  ratio  of  duct  length  to  the  “hydraulic  diameter’'  increases  with  Af’/f'y,  and  the  present  value 
of  this  ratio  appears  to  be  sufficient  for  effective  retardation  of  the  duct  flow.  A  tradeoff  study  of  the 
overall  ship  characteristics  will  generally  give  a  higher  optimum  AVlV^  ratio  than  will  hydrodynamic  con¬ 
siderations  alone. 

This  type  of  optimization  can  be  carried  out  only  on  the  basis  of  a  number  of  design  studies  for 
various  values  of  AV/V^.  This  clearly  exceeds  the  scope  of  the  present  investigation.  This  is  probably  the 
reason  why  a  constant  A/Z?  curve  was  included  in  the  specifications.  Suffice  it  to  say  that  the  hydrodynamic 
principles,  which  are  the  primary  objective  of  the  present  study,  would  not  be  affected  fundamentally  if 
overall  investigations  showed  that  a  different  (presumably  still  higher)  ratio  than  =  0.75  is  more  ad¬ 

vantageous. 

With  AVIVq  ~  0.75  at  40  knots  established,  it  is  possible  to  calculate  definite  values  for  the  rate  of 
flow,  for  the  pump  head  and  for  various  critical  dimensions  of  the  hydrodynamic  propulsion  system. 

The  rate  of  flow  and  pump  head  will  be  calculated  for  the  cruise  condition  of  Vq  =  40  knots  = 

67.6  ft/sec.  Therefore,  with  AV|V^^  =  0.75,  Af'  =  50.7  ft/sec  and  according  to  Equations  (1.1)  and  (3.32), 
and  the  data  derived  from  the  specifications  (see  page  1 83), 


G, 


26,800 


tot. 


=  264.2  ft^/sec 


2  X  50.7  ft^/sec 

where  p  =  2  slugs/ft^  is  the  standard  value  used  in  this  report  for  the  mass  per  cubic  foot  of  sea  water. 
The  volume  flow  per  intake  or  per  pump  is 


(5.10) 


Gtot,o/2  =  040  =  132.1  ft^/sec 
From  Equation  (3.33a)  as  the  pump  head  is  calculated 


(5.11) 


//  = 


*K  +  2g^^Ah.lV^ 


At  40  knots,  =  71.1  ft  and  Ig^AltjlV^  =0.10  according  to  Figure  51  and  Figure  7.  Section  5.3 

gave  the  duct-loss  coefficient  K  as  0.156.  Hence: 


H=l\.\  ft  [1.5  +  0.563  +  0.156  +  0.10)  =  164.9  ft 


(5.12) 


Finally,  the  intake  diameter  D.  in  Figure  54  can  now  be  determined  for  40  knots  as: 


D^if 


4  X  ^1  =040;°^  4 


132.1  ft^ 


-  =  -  =  2.3  ft^ 


57.45 
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and 


/  4  1  \i/2 

ZJj  =  X  2.3  j  =  1.71  ft  (5.13) 

as  shown  in  Figure  54.  All  other  dimensions  in  that  figure  can  be  derived  from  . 

It  will  be  assumed  that  the  propulsion  pump  has  a  fixed  discharge  nozzle  area.  As  a  consequence,  the 
rate  of  flow  at  20  knots  (Q20)  not  the  same  as  at  40  knots,  neither  is  the  pump  head  at  20  knots  (^20^ 
the  same  as  at  40  knots.  The  new  values  and  can  be  calculated  by  successive  approximations  as 
described  in  Section  3.6.  However,  for  the  present  very  preliminary  design  considerations,  it  is  sufficient 
to  read  Gjo  ^"4  ^20  Figure  39.  The  method  of  calculation  is 

approximate  only  and  the  difference  between  ^VIV^  =  0.7,  as  used  in  that  figure,  and  AV/Vq  =  0.75,  as 
employed  in  this  example,  can  hardly  be  very  significaot. 

From  Figure  39  and  with  ~  ^20^^40  ~  0.945  and  =  1.060.  Therefore, 

G20  =  0-945  X  132.1  ft^/sec  =  124.8  ft^/sec,  and  ^20  =  ’-060  x  164.5  ft  =  174.4  ft. 

5.5  DESIGN  OF  THE  DUCT  FROM  THE  NACELLE 
TO  THE  PROPULSION  PUMP 

The  vertical  discharge  velocity  from  the  nacelle  was  made  equal  to  the  inlet  velocity  to  the  vane 
system  in  the  nacelle.  The  definition  of  Kj  at  the  vertical  discharge  included  the  1 0-percent  increase  in 
cross  section  from  inlet  to  discharge  of  this  vane  system  to  account  for  the  growth  of  boundary  layers  In 
the  system. 

Tlie  inlet  and  discharge  velocities  of  the  vane  system  are  =  33.8  ft/scc  at  20  knots  (33.8  ft/sec  - 

20  knots)  and  33.8/0.945  =  35.8  ft/sec  at  40  knots.  The  inlet  cross  section  to  the  vane  system  is  tf/4  = 
124.8  ft^/sec/33.8  ft/sec  =  3.692  ft^,  and  Dj  =  2.165  ft  =  1.266  D^.  (Evidently  the  same  result  must  be 
obtained  with  the  rate  of  flow  and  velocity  at  40  knots.) 

The  discharge  cross  section  from  the  turning  vane  system  is  evidently  1.1  x  3.692  “  4.06  ft^.  This  is 
formed  by  an  ellipse  with  (according  to  Section  5.3)  a  major  axis  3.166  /3|  =  3.166  x  1.71  ft  =  5.414  ft 
and  a  minor  axis  0.55  Z2j  =  0.55  x  1.71  ft  =  0.94  ft. 

The  upper  end  of  the  vertical  inlet  duct  is  obviously  the  inlet  to  the  pump  impeller.  Its  area  is 
determined  mainly  by  cavitation  considerations,  and  the  cavitation  requirements  are  known  to  be  most 
severe  under  the  20-knot  operating  condition.  The  20-knot  condition  therefore  determines  the  impeller  in¬ 
let. 

The  inlet  conditions  to  the  impeller  were  determined  in  Section  5.3  under  the  assumption  that 
2gnH  ty  ^  =  3.  The  data  derived  there  for  20  knots  are  listed  here  for  convenience: 

"U  $V'  fft  I 

Total  head  drop  from  intake  to  pump:  h.  =  0.42  Vnl2g 

20 

Total  pump  inlet  head  at  20  knots  (according  to  Equation  (3.34)  and  Figure  51):  *  35.3  ft 


146 


Meridional  (axial)  inlet  velocity  to  the  pump  impeller: 

'20 

According  to  the  last  value,  the  impeller  inlet  area  is  D?iil4  -  124.7  ft^/sec/27.5  ft/sec  =  4.535  ft^  and  the 
inlet  diameter  is  D.  =  2.4  ft. 

From  these  and  the  foregoing  figures,  it  is  evident  that  the  retardation  of  flow  from  the  nacelle  to  the 

pump  is  not  severe.  In  fact,  in  the  transition  from  the  elliptic  cross  section  inside  the  strut  to  the  circular 

inlet  to  the  impeller,  it  is  probably  advisable  to  retard  the  flow  to  a  lower  velocity  than  and  to 

reaccelerate  to  F  =  27.5  ft/sec. 
m. 

If  the  chosen  minimum  velocity  in  the  inlet  duct  is  assumed  to  be  22  ft/sec  at  20  knots  (which  is  the 
average  over  the  maximum  elliptic  cross  section),  then 


/3  =  27.5  ft/sec. 


a  X  b  X.  n  ' 


124.7  ft^ 
22  ft/sec 


=  5.67  ft^ 


To  judge  the  rate  of  diffusion,  it  is  customary  to  convert  the  actual  diffusor  into  a  diffusor  with 
circular  cross  sections,  to  use  the  actual  cross  sections  and  length,  and  to  calculate  the  “enclosed”  diffusor 
angle. 

The  minimum  cross  taction  of  the  diffusing  inlet  duct  is  4.06  ft^,  and  the  corresponding  diameter 

y'^4.06  ft^  X  4/71  =  2.274  ft.  The  maximum  equivalent  diffusor  diameter  is ^5.67  ft^  x  4/7r  =  2.687  ft. 

According  to  Figure  57  (prepared  according  to  Figures  51  and  54),  the  vertical  distance  between 
these  two  cross  sections  is  6.6  ft.  Thus  the  tangent  of  the  enclosed  diffusor  angle  is  (2.687  -  2.274)/6.6  = 
0.413/6.6  =  0.0626,  and  the  enclosed  diffusor  angle  is  3.6  deg.  This  is  quite  conservative  and  certainly 
acceptable. 

The  cross  section  at  the  free  water  level  outside  the  strut  is  of  particular  interest  because  it  determir.es 
the  strut  section  that  is  responsible  for  the  wave  drag  of  the  strut.  If  the  cross  section  increase  along  the 
duct  is  linear,  this  cross  section  should  be  4.94  ft^.  The  actual  area  of  Section  D-D  in  Figures  54  and  57  is 
4.835  ft^.  This  is  slightly  less  than  the  cross  section  given  by  a  linear  increase,  which  favors  (reduces)  the 
cross  section  at  the  most  critical  position,  i.e,,  the  free  water  level. 

The  vertical  duct  requires  at  least  two  longitudinal  internal  ribs  in  order  to  strengthen  the  duct  againsi 
the  internal  pressure  which  is  larger  than  the  external  pressure  by  the  diffusion  from  the  free-slream  velocity 
to  the  duct  velocity.  This  pressure  increase  must  be  calculated  for  the  maximum  velocity  of  travel 
(48  knots)  and  is  approximately  (81.1^  -  28^)  ft^/sec^  p/2  -  5800  psf  =  40  psi. 

The  wall  can  be  considered  as  a  uniformly  loaded,  continuous  beam.  The  span  to  wall  thickness  ratio 
is  shown  in  Figure  54  to  be  about  s/t  =  30,  and  the  stress-to-pressure  ratio  is 
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Figure  57  -  Inlet  Duct  System  and  Overall  Arrangement  of  One 
Propulsion  Unit 


a 


=  450 


P 


With  the  above  figure  of  p  =  40  psi,  this  gives  a  bending  stress  of  18,000  psi.  This  value  must  be  considered 
in  the  selection  of  the  strut  material. 

Figure  54  shows  the  strut  cross  section  D-D  at  the  free  water  level.  Its  external  shape  is  merely  an 
estimate,  indicating  that  the  leading  edge  must  probably  be  thin  and  slender  to  minimize  the  external  wave 
drag.  The  external  Froude  number  is,  of  course,  extremely  high  and  will  require  a  very  higii-speed  towing 
channel  for  proper  experimentation  and  design  development. 

The  transition  from  the  elliptic  duct  section  E-E  .o  the  circular  inlet  to  the  impeller  is  shown  in 
Figure  57  under  the  assumption  that  this  transition  begins  somewhat  below  the  maximum  cross  section  E-E 
The  elliptic  section  E-E  has  therefore  a  slightly  larger  ratio  of  minor  to  major  axis  than  sections  C-C,  D-D, 
and  the  sections  in  between. 

It  should  be  understood  that  a  successful  development  of  the  vertical  inlet  duct  as  well  as  of  the 
nacelle  cannot  be  accomplished  without  careful  and  detailed  experimental  investigations  of  the  internal  as 
well  as  the  external  flow.  However,  every  detail  of  the  initial  layout  described  here  should  receive  the  most 
careful  consideration  in  order  to  keep  the  time  required  for  the  overall  development  within  reasonable 
limits. 

5.6  DESIGN  OF  THE  PROPULSION  PUMP 
IMPELLER 


The  impeller  inlet  diameter  was  determined  in  Section  5.5  as  /),•  =  2.4  ft  which  is  also  the  discharge 
diameter  of  the  vertical  inlet  duct.  This  diameter  was  calculated  from  V  ~  27.5  ft/scc,  derived  by 

-  3,  and  =  124.7  ff’/sec.  The  rate  of  flow  t?2o  apply  to  the  20-kiiot  con- 

'  '20 
dition  which  is  critical  with  respect  to  cavitation. 

The  NPSIl  was  established  as  =  35.3  ft  at  20  knots,  and  (at  the  end  of  Section  5.4)  the  pump 
head  was  found  to  be  H■)^^  =  174.3  ft  at  the  same  velocity  of  travel.  Therefore,  the  Thoma  cavitation 
parameter  is: 


"h 


35.3 

-  =  0.2026 

174.3 


Somewhat  arbitrarily,  the  maximum  suction  specific  speed  at  20  knots  will  be  assumed  to  be  0.70  (in 
contrast  to  the  value  5  =  1.0  assumed  in  Chapter  3).  This  lower  vahic  should  be  sufficient  for  the  con¬ 
servative  operating  conditions  assumed  here.  Thus,  the  basic  specific  speed  is: 

Uj  =  .S'  X  0^/'’  =  0.70  X  0.7026^/'’  =  0.2106 
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minor  numerical  inaccuracies  which  arc  lommaiely  on  ihe  sale  side,  l.c.,  lo  meet  (he  actual  20-  and  40-knoi 
requiroinents;  the  siceeJ  of  rotation  can  he  slightly  less  than  assumed  here.  The  most  important  Impeller 
dimensions  are 

Inlet  diameter  /).  "  2,4  ft 


Minimum  dlichurKt  tllNmeler  A.  ••  1, 1.^8  A  •>  2.7.1  H 

min 

Maximum  dlichariic  dlamotor  />.,  ■  1.10.1  O,  *  .1.127  0 

in«\ 

>  lii;lia[|jie  width  h^^  ■  •  0.80  11 

5.7  DESiON  OF  THE  PROPULSION  PUMP 
CASINO 

11i«  ptupuUlun  pump  vaMnn  It  Imemlotl  lu  ho  a  voluio  caainv  wlllmul  vanei  a»  iihown  In  PIguro  28 
cxuto  ihlt  rurm  ol'cniln^  muit  ho  e.x|)ocied  lo  load  m  ilio  hittliotl  pump  onioloncy.  particularly  as  Ihr  'i.v. 
aller  the  maximunt  radial  oocllon  through  iho  vululo  (adjnoam  lo  the  “ipllller’'  or  "tongue")  U  uc»  ' 

So  r«r  as  It  Is  open  toward  the  lm|)ellor,  die  How  In  the  volute  must  I'ollow  the  law  of  radially  uimorm 
angular  momentum  lu  expose  Ihe  Impeller  lu  a  circumrerenlially  uniform  sialic  pressure. 

The  radial  volute  section  ureas  will  he  cniculaiod  for  the  cruise  condition  ul  40  kirtns  hecuuse  maximum 
eltlclency  is  desired  undet  those  condlllons.  According  to  the  l-uler  turhomuchlnery  eipiiitlon  (luiuution 
t.l.*})). 

//4„-l70.4ft-r/^x);^^xfVg„  (5,28) 

since  it  Is  sssumod  ihni  the  How  dues  not  have  a  poripherul  velocity  cumpuneni  at  the  impeller  Inlet, 

At  /),,  .  //„  -  I. .101  (/  »  12.1,.^  H.'sec  Hence 

niiiv  mav  ' 

‘  ll/sec  (5.2'i) 

lly  a  process  of  trial  and  error,  one  can  esilmale  the  distance  of  the  maximum  volute  area  (“throat"),  i.e., 

n.s  center,  from  the  u.xis  of  rotation  to  be  r  ,  *'  1.8  A,  /2  so  that,  according  to  the  luw  of  constant 

1  mas 

angular  momentum,  the  volute  .hroal  velocity  ts: 

49,35  ft/sec 

21 A  (t/scc  (5.30) 

1,8 

Hence,  with  ■«  132.25  ft  Vsec.  the  wdutc  throat  area  is  Ajj,  “  132.25  fl/5ec727.4  ft/sec  »  4,82  ft^. 

The  ntaximum  volute  section  indicated  in  Figure  60  has  approximately  this  area.  The  section  is 
rather  large  compared  with  the  Impeller  dimensions,  but  this  is  natural  for  a  radial-flow  pump  of  fairly  high 
specific  speed. 

The  mechanical  construction  of  the  casing  follows  the  scheme  shown  in  Figure  28,  Thereby  it  avoids 
the  large,  horseslioe-sliaped  radial  ribs  which  would  otherwise  be  necessary  to  withstand  the  pressure  Inside 
(lie  volute.  Moreover  this  construction  minimizes  the  maximum  outside  radius  of  the  volute  part  of  the 
casing.  The  maximum  circumferential  stress  in  the  downward  axial  extension  from  the  volute  casing  has 
been  found  to  be  no  greater  than  12,000  psi  at  48  knots  for  the  wall  thicknesses  shown  in  Figure  60. 
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It  is  hoped  that  Figure  60  is  reasonably  self>oxplanatory  with  reference  to  Figures  28  and  S7.  The  size 
and  approximate  location  of  the  discharge  nozzle  are  indicated  by  a  circle  in  the  volute  cross  sections.  The  jet 

/  ^y\ 

velocity  is  Ky  ®  ^1  +  "jT”  ft/sec  at  40  knots  and  about  142  ft/sec  at  48  knots.  The  jet  area  is 

therefore 

Aj^  132.1  ft^/sec/1 18.3  ft/sec  =  1.12  ft^ 

with  a  jet  diameter  of  1.194  ft. 

At  40  knots,  the  jet  thrust  is  T,,,,  =  pQ^q  =  3 1 ,250  lb.  At  48  knots,  it  is  7’^g  =  45,200  lb  and  must 
be  coui.teracted  by  the  casing  turning  unit.  At  best,  the  unit  shown  in  Figure  60  satisfies  this  requirement 
only  approximately. 

The  gear  box  shown  in  Figure  60  has  not  been  analyzed  in  any  way,  except  that  it  was  assumed  to  house 
a  double  reduction  gear  set  with  coaxial  input  and  output  shafts.  When  the  direction  of  the  jet  is  changed,  the 
gear  box  is  rotated  together  with  the  pump  casing. 

5.8  POWER  REQUIREMENTS 

The  power  required  will  be  calculated  under  the  assumption  that  the  efficiency  of  the  pump  is  89  percent 
and  that  of  the  gear  is  98  percent. 

The  pump  head  required  at  40  knots  was  originally  calculated  as  =  164.9  ft.  This  means  that 
40  knots  is  (probably)  attained  at  u  sliglitly  lower  speed  of  rotation  than  assumed  for  the  impeller  velocity 
diagrams  derived  in  Section  5.6  and  shown  in  Figure  58. 

Tlte  hydrodynamic  power  at  40  knots  is 

//4oXC?4oX(64.41b/ft^)=  164.5  ftx  132.1  ft^/set  x  64.4  Ib/ft^  =  1 .399,000  ft-lb/sec 
The  power  input  to  the  gear  box  is  therefore; 


1 ,399,000  ft-lb/sec 
0.89  X  0.98 


1,604,000  ft-lb/sec  =  2916  hp 


for  each  of  two  propulsion  units. 

Under  the  assumption  of  the  same  efficiencies,  the  power  required  at  48  knots  is 


48  0.088 

2916  hp  —  X  -  =  4670  hp  per  unit 

40  0.066 


It  is,  of  course,  desirable  to  install  gas  turbines  with  slightly  greater  power. 
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A  t'’ntativc  picture  of  tlie  overall  arrangement  of  one  propulsion  unit  is  shown  in  Figure  57  (sec  also 
Figure  28), 

5.9  CONCLUDING  REMARKS 


As  mentioned  in  Section  5,0,  the  study  presented  in  this  chapter  at  best  merely  lays  the  foundation 
for  additional  preliminary  design  studies, 

F  shc'uld  he  clear  front  Section  5.2  that  the  general  arrangement  selected  for  this  study  is  by  no  means 
the  only  arrangement  that  deserves  seriou.s  consideration.  Moreover,  significant  alternatives  are  possible  even 
within  the  present  choice  of  general  arrangement. 

Perhaps  the  most  important  variation  to  be  considered  pertains  to  the  specific  speed  of  the  propulsion 
pumps.  As  indicated  in  Section  5.6,  this  specific  speed  was  directly  dictated  by  the  chosen  maximum  suction 
specific  speed  because  the  pump  head  and  the  pump  inlet  head  above  the  vapor  pressure  arc  given  primarily 
by  the  prescribed  operating  conditions  and,  to  a  lesser  degree,  by  the  duct  and  intake  losses.  The  maximum 
suction  specific  speed  was  chosen  to  be  substantially  lower  than  the  value  previously  considered  in 
Chapter  3,  yet,  it  was  higher  than  the  conventional  suction  specific  speeds  of  stationary,  commercial  pumps. 
The  resulting  specific  speed  of  the  propulsion  pumps  turned  out  to  be  c|uiic  high  for  radial-How  pumps. 
Inspection  of  Figure  60  suggests  that  a  somewhat  lower  specific  speed  might  not  increase  the  pump  weight 
substantially.  An  increase  in  the  diameter  of  the  impeller  discharge  would  tend  to  incrca.se  the  Huid 
velocities  in  the  volute,  thus  reducing  the  required  volute  section  areas.  This  is  not  necessarily  in  conflict 
with  Figure  34  since  the  basic  specific  speed  n~  considered  here  is  substantially  higher  than  that  used  in 
deriving  the  “radial’’  and  ''axial’’  curves  in  Figure  J?4.  If  in  the  present  case,  it  were  found  that  the  pump 
weight  does  not  increase  significantly  with  decreasing  specific  speed,  the  only  significant  wciglit  increase 
would  come  from  the  reduction  gear.  That  increase  should  follow  the  similarity  curve  in  Figure  34,  i.e,, 
the  weight  penalty  for  reduced  specific  speed  might  not  be  sufficient  to  justify  the  risk  that  is  always  con¬ 
nected  with  high  suction  specific  speeds.  An  alternate  study  with  a  lower  maximum  suction  specific  speed, 
e.g..  0.6  instead  of  0,7.  therefore  seems  to  be  definitely  indicated  under  the  given  operating  conditions. 

Another  way  to  reduce  the  specific  speed  of  the  propulsion  pump  is,  of  course,  to  increase  the 
propulsor  velocity  ratio  AI^IVq.  In  this  case,  a  reduction  in  the  basic  specific  speed  at  constant  suction 
specific  speed  is  accompanied  by  a  reduction  in  the  rate  of  flow  and  increase  in  the  pump  head  of  the 
propulsor  This  will  lead  to  a  reduction  in  the  volume  and  weight  of  the  pump  and  the  duct  system  as 
mentioned  in  Section  5.4.  It  will  be  recalled  that  the  previously  selected  ratio  =  0.75  was 

determined  on  tlic  basis  of  hydrodynamic  considerations  only  because  these  are  the  only  considerations 
available  within  the  scope  of  this  report.  It  has  already  been  stated  that  an  extension  of  these  consider  ‘ions 
to  include  optimization  with  respect  to  overall  weight  will  lead  to  higher  AF/F(,  values  than  0.75.  Even 
without  going  into  detai  s  of  weight  considerations,  an  arbitrary  increase  in  AF'/Fjj  to  values  in  the  neigh¬ 
borhood  of  unity  or  more  is  therefore  of  distinct  practical  interest.  The  present  study  indicates  that  the 
resulting  reduction  in  basic  specific  speed  should  not  involve  any  difficulties. 
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The  reader  is  encouraged  to  explore  other  variations  In  design  that  might  give  a  near-optimum  so¬ 
lution  of  this  propulsion  problem.  The  foregoing  example  is  probably  sufficient  to  iUustrate  the  effects  of 
design  assumptions  that  had  to  be  made  in  order  to  keep  the  present  study  within  acceptable  limits. 
Variations  in  these  assumptions  should  serve  to  broaden  the  scope  and  significance  of  this  investigation. 
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